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 i 
Abstract 
The advances in semiconductor technology coupled with the potential of lab-on-chip spectroscopy, long 
wavelength telecommunications and small-scale optical interconnects has invigorated academic and 
commercial interest in mid-infrared optoelectronics. However, significant challenges remain. This 
thesis explores two approaches for mid-infrared optoelectronic lasers. 
Type-I GaSb quantum well lasers exhibit some of the highest performance metrics of any 
semiconductor laser system in the 2 μm – 3 μm wavelength range. However, the threshold current 
density increases substantially with increasing wavelength and temperature, impacting component 
reliability and the overall efficiency of a laser-based optoelectronic system. 
Through a combination of temperature and hydrostatic pressure techniques, Auger recombination is 
identified as the dominant cause for the performance degradation of type-I mid-infrared laser with 
increasing wavelength and temperature. Using hydrostatic pressure measurements, the wavelength 
dependence of the Auger coefficient over the 2 μm - 3 μm range is constructed, revealing two important 
regimes. At wavelengths < 2 μm the CHSH Auger process dominates the room temperature non-
radiative threshold current. For wavelength > 2 μm, the CHSH process is effectively suppressed due to 
the energetic separation between the lasing energy and the spin-orbit split-off band. In this regime 
another Auger process, such as CHCC or CHLH recombination begins to dominate, increasing 
exponentially with wavelength. The temperature dependence of the radiative and non-radiative 
threshold current density indicates that this Auger process has an activated character and is sensitive to 
the intrinsic properties of the quantum well band structure. 
To leverage the advanced manufacturing capabilities and high yields of the Si-microelectronics 
industry, there is intense research activity to realise CMOS compatible optoelectronics. One emerging 
strategy is to augment the optical properties of group-IV materials through band structure engineering, 
such as incorporating Sn into the Ge lattice. 
Hydrostatic pressure measurements of the GeSn absorption edge exhibit an intermediate pressure 
coefficient between that of the Γ and L conduction band critical points. This is indicative of strong band 
mixing effects in the GeSn alloy. In the presence of band mixing the conventional distinction between 
the indirect and direct band gap breaks down. Instead it is more appropriate to discuss the nature of the 
band gap in terms of the fractional Γ-character of the conduction band states at the band edge. The 
pressure coefficient of the absorption edge for samples with Sn content between 6% – 10% reveal a 
continuous evolution in the Γ-character with increasing Sn-concentration. High Γ-character is observed 
even at low Sn concentrations of 6%, when the GeSn alloy is expected to exhibit a fundamentally 
indirect band gap. These band mixing effects have important implications for designing efficient 
photonic and electronic devices utilizing GeSn and related material systems.  
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nce described as a solution looking for a problem, the laser is now integral to life in the modern 
world [1]. They lie at the heart of telecommunication networks and are used routinely in mirco-
surgery, manufacturing, optical storage and environmental monitoring [2], [3].The most prolific laser 
system is the semiconductor diode laser. Semiconductor lasers benefit from several natural advantages 
over other systems including direct modulation, low power consumption and small device footprint, 
permitting integration within compact and crowded optoelectronic architectures [4]. Semiconductor 
lasers can also be engineered to operate across a wide range of wavelengths by modifying the material 
composition and through careful design of the laser heterostructure [5]. Additionally, due to the growth 
of the semiconductor and optoelectronic industry, manufacture is now extremely advanced and levering 
the economics of scale, relatively inexpensive [2].  
The research described in this thesis aims to investigate the physical processes and material properties 
that influence the performance of mid-infrared photonic devices. The research was on two specific areas 
of mid-infrared photonics: 
The GaSb type-I active region has been established as the most competitive semiconductor laser system 
in the 2 µm−3 µm spectral range. However, the threshold current density increases rapidly with 
increasing temperature and lasing wavelength. The work described in Chapters 4 and 5 examines type-
I GaSb lasers operating between 2 µm−3 µm and investigates the physical mechanisms that limit the 
performance and spectral coverage of type-I mid-infrared GaSb lasers. The second area of research 
described in Chapter 6 is an investigation into the material properties of the GeSn alloy. This novel 
group-IV alloy offers a potential solution for CMOS compatible mid-infrared optoelectronics. 
O 
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This introductory chapter explores some of the emerging applications for mid-infrared semiconductor 
lasers, which motivated the research presented in this thesis. 
1.1 Applications in the Mid-Infrared 
Occupying the spectral region from 2 μm – 20 μm, the mid-infrared encompasses many important 
spectral features [6]. These include the fundamental molecular absorption lines of chemical species 
which are of critical importance in industry and medicine [7]. The mid-infrared also contains a number 
of atmospheric transmission windows [8], [9]. These regions of relatively high transparency are well 
positioned for atmospheric monitoring, and have attracted interest for free space communication [10] 
and defence [11], [12]. Another emerging application is in optical fibre communications. As the demand 
on the telecommunication infrastructure grows, there is increasing pressure to expand the operational 
wavelengths into the mid-infrared with photonic crystal fibres [13]. 
1.2 Molecular Spectroscopy 
The mid-infrared is referred to as the spectral fingerprint region due to the prevalence of strong 
molecular absorption bands [14]. These absorption features are associated with the vibrational and 
rotational resonances of the molecular structure. The frequency of the absorption feature depends 
principally on the functional group and the roto-vibrational mode [15]. As an example, the fundamental 
vibrational modes of CO2 and the corresponding frequencies and excitation wavelengths are presented 
in Figure 1.1. The fundamental absorption features found in the mid-infrared can be several orders of 
magnitude stronger than vibrational overtone and combination bands at other wavelengths which makes 
mid-infrared spectroscopy particularly attractive. 
 
Figure 1.1: illustration of the fundamental vibrational modes for gaseous CO2. The symmetric stretch does not 
generate a dipole moment and so is IR-inactive [16].  
Due to the richly structured molecular spectra and strength of the absorption features, mid-infrared 
spectroscopy has applications across a diverse range of industry such as in the analysis of petroleum 
based compounds [17], pharmaceuticals [18], [19], food products [20] and aseptic environments [21], 
[22]. Additionally, the functional groups of many clinically relevant species have active absorption 
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features in the mid-infrared [23]. Consequently, there is growing interest in absorption spectroscopy for 
point-of-care patient monitoring and as a diagnostic tool. Many of these applications impose strict 
requirements on the properties of the detection system. In addition to high sensitivity and selectivity, 
sensors must be both compact and robust. Furthermore, the need for continuous online measurements 
prohibits complex sample preparation. These conditions preclude established methods of molecular gas 
detection such as gas chromatography and isotope-selective mass spectrometry [24], [25]. 
In the laboratory setting most mid-IR spectroscopy is performed using a Fourier Transform InfraRed 
(FTIR) spectrometer. The FTIR consists of a broadband light source and a mechanically oscillating 
mirror for spectral-scanning. However, only a small fraction of the broadband emission spectra is 
absorbed by the gas sample under investigation, and so is fundamentally inefficient [4]. Additionally, 
any scale reduction of the interferometer is usually accompanied by reduced performance [7]. The 
conventional FTIR is therefore poorly suited for applications which benefit from a highly compact and 
energy efficient detection system. These attributes may be realised by using a mid-infrared light source 
and detector targeted to the absorption lines of interest. 
There are several important features that make the mid-infrared laser uniquely suited for absorption 
spectroscopy: 
Sensitivity: the strong and highly directional emission that is characteristic of a laser allows for 
advanced detection techniques such as photoacoustic, multi-pass absorption and cavity enhanced 
spectroscopy. These detection modalities significantly improve the detection limit and reduce the 
complexity and size of the gas sensor architecture [26]. In addition, semiconductor lasers can be 
directly modulated which facilitates highly sensitive modulation techniques [27]. 
Selectivity: scanning the narrow spectral width of the laser across an absorption feature can help 
to distinguish background signals and deconvolve analytes with overlapping absorption lines [28]. 
Absorption spectroscopy also provides details about the internal structure of the molecule while 
techniques such as mass spectrometry give information only about the constituent atoms. 
Energy Efficiency: due to their inherently narrow spectral linewidth the total laser emission can 
be attenuated by the specific analyte under investigation. This contrasts with broadband sources 
where a significant fraction of the output spectra is unused [4].  
Online measurements: absorption spectroscopy measurements can be made continuously, 
providing real-time measurements with rapid feedback [29]. Additionally, issues inherent to off-
line measurements such as reproducibility and in-storage contamination can be avoided [30], [31]. 
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1.2.1 Exhaled Breath Analysis 
Due to the rapid progress in instrumentation, breath analysis has received considerable attention in 
recent years [32]. Exhaled human breath contains a wealth of chemical species, including common 
atmospheric gases and hundreds of volatile organic compounds (VOCs) in trace concentrations [33]. 
Detection of these compounds can provide valuable information about the health of a patient. For 
example, elevated levels of many volatile organic compounds have been correlated with specific 
pathological conditions [23]. These chemicals can therefore be used as biomarkers for various diseases 
and metabolic processes. Exhaled breath analysis is especially valuable since the presence of 
biomarkers in the breath often precedes other physiological changes. Table 1.1 presents a selection of 
medial biomarkers and their associated pathology. Exhaled breath analysis of medically significant 
VOCs, typically require sensitivities on the order of parts per billion (ppb) to ~100 parts per trillion 
(ppt) levels [25], [31]. These detection levels are within the capabilities of laser-based absorption 
systems and have been demonstrated for numerous molecular biomarkers [26], [34]. 
An important advantage of breath analysis is that in contrast to blood collection it is non-invasive. 
Exhaled breath can also be assayed continuously without any burden to the patient [35]. Absorption 
spectroscopy in particular can be used in conjunction with ventilator assisted breathing, and offers 
online measurements with potentially breath-to-breath and intra-breath resolution [36]. These features 
are essential for critically ill patients whose condition is especially dynamic. 
BIOMARKER PATHOLOGY ABSORPTION λ REFERENCE 
Pentane, C5H12 Oxidative Stress 3.4 μm [37], [38] 
Aldehydes, R-CHO Breast Cancer 3.6 μm [39]–[41] 
CO2 Isotopologues Septicaemia 4.3 μm† [42], [43] 
Carbonyl Sulphide, COS Liver Function 4.8 μm [44], [45] 
Nitric Oxide, NO Asthma 5.2 μm [46]–[49] 
Acetone, (CH3)2CO Diabetes 8.2 μm [50], [51] 
Ammonia, NH3 Renal Function 10.2 μm [52], [53] 
Table 1-1: selection of biomarkers in exhaled breath with associated pathology and characteristic absorption 
line. † 12CO2 and 13CO2 have absorption features around 4.26 μm and 4.38 μm respectively. 
For example, during surgery oxidative stress can cause irreversible organ damage if a diagnosis is made 
too late [54]. During episodes of oxidative stress, elevated levels of short chained alkanes such as ethane 
and pentane appear in the breath shortly after formation [37]. The high sensitivity and rapid feedback 
afforded by absorption spectroscopy therefore has the potential to ensure that life-saving intervention 
can be made in time [38]. Rapid feedback is also essential for explosive conditions such as septicaemia 
where timely detection and response are essential for a favourable prognosis [55]. 
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Oxidative stress, and its associated biomarkers, have also been correlated separately to diseases such as 
lung cancer [56], chronic obstructive pulmonary disease [57], and schizophrenia [58]. Elevated levels 
of aldehydes have been observed in breast cancer patients and high levels of ammonia correlated with 
deficiencies in renal function [52], [53]. Breath analysis may therefore provide a useful diagnostic tool 
for numerous medical conditions. However, it is important to recognise that a diagnosis with exhaled 
breath is unlikely to be definitive. Biomarkers can be associated with multiple pathological conditions 
and levels can vary greatly depending on factors such as diet and even levels of physical activity 
preceding a measurement [59]. Breath analysis will therefore likely be limited to use as a 
complementary or preliminary diagnostic tool. It can however be used routinely since it entails 
essentially no risk to the patient and analysis can be effectively automated. Exhaled breath analysis 
could therefore complement screening programs such as breast cancer screening where measurements 
are typically performed every three years [60]. 
Finally, exhaled breath spectroscopy may also be suitable for monitoring chronic conditions. For 
example, in diabetes, insufficient insulin causes the body to break down fat, releasing ketones which 
are then measurable in the exhaled breath [61]. Or in the case of asthma, the level of exhaled nitric 
oxide increases sharply prior to an asthma attack [62]. Portable and inexpensive trace gas detectors 
could allow patients to monitor the severity of their conditions, administer treatment and potentially 
pre-empt a serious episode [63]. 
1.2.2 Environmental and Industrial Monitoring 
Due to the complex atmospheric chemistry it can be difficult to deconvolve competing absorption 
features and extract quantitative information about specific chemical analytes. However, there exist 
several atmospheric spectral windows in the mid-infrared, with the largest located between 3 μm – 5 
μm and 8 μm – 13 μm. These regions of relatively high transparency overlap with the absorption lines 
from a number of important pollutants and environmentally destructive chemicals [64]. Laser-based 
absorption spectroscopy has demonstrated potential for monitoring ozone depletion [65] and 
greenhouse gas concentrations [66]. These include measurements of atmospheric constituents such as 
CO2 [67], CH4 [68] and many short-lived climate pollutants [69] which contribute to anthropogenic 
global warming. Sensitive and automated measurements of the local environment using mid-infrared 
laser has also been applied to monitoring urban air quality [70], industrial emissions of hazardous 
chemicals [65], and industrial process control [71]. 
The compact and robust nature of III-V optoelectronics makes them uniquely suited for space and 
planetary missions. NASA has developed a laser based spectrometry systems to monitor gas in closed 
environments, which has been successfully deployed on the International Space Station [72]. 
Subsequent research aims to increase the number of detectable gases. A prototype system employing 
quantum cascade lasers, type-II interband cascade lasers and GaSb diode lasers enables the detection of 
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combustion products such as CO, HCL and HCN [73]. A laser absorption spectrometry system has also 
been deployed on Mars as a module on-board the Curiosity Rover. The system measures atmospheric 
carbon dioxide and methane using tuneable diode and interband cascade lasers operating around 2.78 
μm and 3.27 μm respectively [74], [75]. Laser based detection systems can similarly be deployed in 
hazardous or inaccessible terrestrial areas. As an example, there is a correlation between the gases 
emitted from volcanoes and subsequent seismic and volcanic activity [76], [77]. 
The tremendous advances in semiconductor technology for both optical emitters and receivers, 
coupled with the potential of laser absorption spectroscopy has invigorated academic and commercial 
interest in mid-infrared photonics. To fully realise the potential of semiconductor laser spectroscopy 
there is strong motivation for miniaturisation; evolving bench-top spectroscopic systems to 
inexpensive and portable devices [78]. A manifestation of this is lab-on-chip, where all 
functionalities and photonic components are integrated onto the same platform [79]. Miniaturisation 
presents a substantial engineering challenge, imposing strict limitations on energy consumption and 
device footprint [80]. Fundamentally the lasing component must provide enough optical power 
within a given energy budget to achieve the required detection limits. High power is especially 
important for rapid feedback and time sensitive detection which limit operational parameters such as 
the integration time. Performance metrics such as the lasing threshold current density impacts the 
overall efficiency and reliability of the laser [81]. Self-heating and temperature instability can also 
have a significant effect on the overall system performance, foot-print, complexity and cost if active 
cooling is required for operation [82]. 
In order for laser absorption spectroscopy (LAS) to be commercially viable and widely utilised it must 
represent a cost-effective solution for trace gas detection within a competitive technological landscape. 
These technologies can be broadly categorised as mass-spectroscopy based methods, electrical sensors 
and optical spectroscopic techniques such as LAS. Each have their own strengths and drawbacks, 
defined by the requisites of the chosen application. 
Mass spectroscopy techniques including Gas Chromatography Mass Spectroscopy (GC-MS) remain the 
gold standard for the analysis of trace gases, offering a very high degree of selectivity and sensitivity 
for a vast array of molecules and chemical species [83]. Furthermore, while conventional GC-MS has 
an analysis time on the order of tens of minutes and requires offline sampling, the recent development 
of direct MS systems, such as proton-transfer reaction mass-spectrometry (PTR-MS), have enabled, 
albeit with reduced sensitivity, real-time measurement, capable of breath-to-breath resolution [83]. 
These instruments however remain strictly limited to the laboratory setting due to the substantial system 
size, expense and complex maintenance [31]. 
For applications which require more moderate sensitives around ppm levels, electrical and 
electrochemical sensors are extremely competitive [84]. These ultra-low-cost devices are commercially 
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available, compact and simple to deploy but compared to alternative detection modalities suffer from 
limited sensitivity and selectivity, as well as issues related to recalibration and lifetime [31], [84]. 
Optical spectroscopic techniques can therefore occupy a critical niche between low cost devices with 
inferior performance and expensive laboratory-grade equipment [26]. This is necessary for applications 
such as point-of-care monitoring, where affordable, miniaturised instrumentation with highly accurate 
and sensitive real-time measurements are required. 
The capabilities of absorption spectroscopy are determined by the absorption cross-section of the 
analyte and this limits the detectability of molecules without a permanent dipole such as N2, O2 etc. and 
those with an inherently low optical cross-section [31]. The potential analytes are therefore somewhat 
more limited compared to laboratory modalities such as GC-MS. However, as described previously, 
optical, and more specifically laser-based spectroscopy has demonstrated highly sensitive and selective 
detection for numerous medically and environmentally important molecules [26], [34]. 
Depending on the application there are potentially stringent requirements for power consumption, 
footprint, lifetime etc. of an optical sensor which are sensitive to the performance metrics of the light 
emitter. Another more prosaic impediment to the wide spread deployment of optical sensors is the 
component cost. While broadband light sources such as microbulbs offer a significant cost advantage, 
mid-infrared lasers exhibit enhanced sensitivity, selectivity and efficiencies [26]. It should also be 
recognised that the selectivity inherent to monochromatic laser spectroscopy also restricts the sensor to 
the detection of a specific analyte or sub-set of analytes, and in general those with a lighter molecular 
weight [31]. This in principle limits the versatility of a laser-based system. Nevertheless, for 
applications where broader spectral coverage is desirable, multiple wavelength lasers may be employed, 
with an attendant increase in system complexity [26], or potentially through emerging frequency comb 
technology [85]. 
As discussed in the following section QCLs provide the most extensive coverage in the mid-infrared 
wavelength range, accessing the fundamental absorption features of many important chemical species. 
Although commercial QCL-based trace gas detection systems are beginning to emerge on the market 
[86], their cost presents a significant barrier of entry and their affordability remains prohibitive for their 
pervasive adoption as clinical [87] and personal medical instruments [29]. The component cost of lasers 
employing a cascading architecture, such as QCLs and ICLs is related to the complexity of the 
heterostructure which can consist of hundreds or thousands of epitaxial layers [4]. Moreover, TM 
polarized emission from QCLs limits the implementation of surface emitting QCLs [4]. Consequently 
there is significant motivation to both improve the performance and extend the operational wavelength 
regime of simpler diode lasers, such as type-I GaSb lasers [4] – and this is the subject of Chapters 4 and 
5 in this thesis. 
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In addition to the component cost of the light emitter, the lack of manufacturing scalability, in part due 
to the assembling of discrete optical components limits the cost effectiveness of the laser based optical 
sensor [82]. This encourages the pursuit for CMOS compatible monolithic approaches to mid-infrared 
optoelectronics, such as GeSn, which can leverage the manufacturing capabilities of the 
microelectronics industry. The composition dependence of the optical and electronic properties of the 
GeSn alloy is investigated in Chapter 6. 
1.3 The Mid-Infrared Optoelectronic Landscape 
Within the mid-infrared there are three main semiconductor laser technologies, each employing 
quantum wells (QWs) within the active region: (1) type-I interband lasers, (2) type-II interband lasers 
and (3) quantum cascade lasers (QCLs) [5]. 
Their performance can be characterised by a number of metrics including threshold current density, 
characteristic temperature, wall plug efficiency and peak output power. To illustrate the domain of these 
technologies, examples of the threshold current densities for lasers across the mid-infrared are presented 
in Figure 1.2. It should be recognised however, that while the threshold current density is an important 
measure of performance for semiconductor lasers it is more difficult to compare single stage and 
cascaded systems due to the different power dependence and operating voltages required in each case. 
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Figure 1.2: Threshold current densities of type-I diode lasers [88], [89], [98], [99], [90]–[97], type-I interband 
cascade lasers (ICLs) [100]–[103], type-II ICLs [104]–[108] and quantum cascade lasers (QCLs) [109], [110], 
[119]–[128], [111], [129]–[137], [112]–[118], measured at room temperature (around 290 K– 300 K) in the mid-
infrared spectral range. Note that some additional variation will be introduced due to different device geometries, 
operational duty cycle, facet coatings etc. Solid lines are a guide to the eye. The background shows the 
atmospheric transmission spectrum and atmospheric windows [138]. 
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Extending the wavelength of conventional semiconductor lasers into the mid-infrared is accompanied 
by several challenges. Some are inherently related to the narrow bandgap required for mid-infrared 
interband transitions. Others are more prosaic but no less important, involving material limitations in 
heterostructure design and growth [139]. Intrinsic fundamental challenges include Auger recombination 
and free carrier absorption which are known to scale rapidly with wavelength [140]. These have not 
however prevented the development of interband lasers extending deep into the mid-infrared. Bandgap 
narrowing is also accompanied by some advantages such as a reduction in the conduction band effective 
mass and, for compressively strained layers, a corresponding reduction of the in-plane effective mass 
of the heavy hole band [141]. The reduced density of states lowers the carrier density required for 
population inversion, potentially limiting the deleterious effects of Auger recombination and other loss 
channels. For a given carrier density, spontaneous emission should also decrease at longer wavelengths, 
reducing undesirable radiative recombination. 
For interband devices, mid-infrared wavelengths are readily accessible using the antimonide (III-V-Sb) 
material system. This family of materials refers to all III-V zinc-blend alloys approximately lattice 
matched to GaSb (with a lattice constant of 6.095 Å) [142]. GaSb can accommodate various III-V 
binaries as well as their ternary, quaternary and quinary alloys. This allows for a diverse range of band 
alignments including type-I, type-II and (staggered bandgap) type-III [5]. The versatility of the GaSb 
material system makes available a broad spectrum of wavelengths. 
The short wavelength region of the mid-infrared is accessible with conventional type-I quantum well 
structures. In type-I structures electrons and holes are confined within the same layer. The transition 
energy is then predominately determined by the bandgap of the quantum well and the electron and hole 
confinement energies. Type-I mid-infrared lasers typically utilise a GaInAsSb active region and have 
achieved room temperature emission in the mid-infrared from 2.0 – 3.73 μm with watt-level output 
powers out to 2.5 μm [143] and milli-watts at wavelengths beyond 3 µm [144]. The type-I active region 
has also been incorporated within a cascading scheme [145]. Type-I interband cascade lasers can 
overcome many of the challenges of conventional lasers offering reduced series resistance, uniform 
carrier injection and large band offsets. This has enabled lower threshold currents especially at longer 
wavelengths, but often at the expense of higher operating voltages [146].  
Beyond 3 μm, type-II QW lasers begin to surpass the performance of the type-I lasers. In the type-II 
alignment, electrons and holes are confined within separate quantum well layers [147]. This allows for 
energy transitions less than the bandgap of the constituent materials, extending the accessible 
wavelength within a given material system. In addition, the separation of carriers permits independent 
engineering of the electron and hole quantum wells. Engineering the carrier masses and removing any 
subband resonances can reduce the influence of both Auger recombination and optical losses such as 
intervalence band absorption (IVBA) [148]. Auger suppression, inherent to the spatially indirect nature 
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of type-II transitions, has also been discussed in several publications [149]–[152]. On the other hand, 
the spatial separation of electrons and holes reduces the wavefunction overlap. The concomitant 
decrease in the gain means, all else being equal, that type-II active regions must operate with a larger 
quasi-Fermi level splitting and therefore at a higher threshold carrier density [142]. Crucially this does 
not necessarily imply a higher threshold current density as the recombination coefficients are also 
modified. 
The highest performing type-II lasers utilise a ‘W’ design which takes its name from the conduction 
band profile of the active region [153]. The ‘W’ alignment consists of two electron QWs separated by 
a barrier acting simultaneously as a hole quantum well. The bonding state between the two electron 
quantum wells affords a much larger electron-hole overlap while still preserving the benefits of the 
type-II QW alignment. The ‘W’ configuration is typically incorporated within a cascading scheme 
[154]. Interband cascade lasers (ICLs) have demonstrated room temperature operation with threshold 
current densities less than 500 A∙cm-2 between 2.8 µm – 5.2 µm [106]. As illustrated in Figure. 1.2, 
there is a minimum in the threshold current densities located between 3 µm – 4 µm, where the threshold 
current densities are typically less than 200 A∙cm-2 [106]. Moving outside this wavelength range the 
threshold current density increases rapidly towards both shorter and longer wavelengths. This has been 
attributed to the efforts that have been focused on optimising the active core and waveguide in this 
region [106]. However, there is evidence of a more fundamental physical reasons for this minimum 
[155]. 
Quantum cascade lasers span much of the mid-infrared spectral range. Conventional QCLs have 
demonstrated room temperature emission from 3 µm [156], and QCLs based on second harmonic 
generation have extended the short wavelength limit to 2.7 μm [157]. In contrast to interband transitions 
where electrons and holes radiatively recombine, QCLs generate coherent emission via radiative 
intersubband transitions within (usually) the conduction band [158]. An immediate benefit of 
intersubband transitions is the suppression of Auger recombination, which proves so detrimental to the 
performance of interband lasers. For QCL intraband devices, a crucial consideration is the conduction 
band offset between layers and their conduction band minima [159]–[161]. This presents a fundamental 
challenge in expanding the emission wavelength accessible through QCLs. 
There is also intense research activity to enable application-grade silicon (Si) compatible 
optoelectronics. The vast CMOS infrastructure that has developed to support the silicon-based 
microelectronics industry offers unparalleled fabrication complexity, high-volume manufacture and 
yield [162]. In addition to the economics of scale, CMOS compatibility would facilitate the integration 
between photonic components and the complex electrical circuitry required for electrical data 
processing and readout [163]. This is particularly attractive for systems such as lab-on-chip 
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spectroscopic chemical sensing. Another widely publicised application for CMOS compatible lasers are 
optical interconnects (Appendix A). 
Due to the large lattice mismatch and attendant growth complexities, the integration of III-V 
optoelectronics onto a CMOS platform remains challenging. An alternative strategy is to engineer active 
photonic components based on group-IV alloys. Germanium (Ge) has been widely researched for 
applications in microelectronics and exhibits far superior optical properties compared to Si. The 
pseudodirect nature of Ge means that the optical properties can be readily augmented through band 
structure engineering. One emerging approach is incorporating other group-IV atoms such as tin (Sn) 
into the Ge lattice. 
The germanium-tin (GeSn) alloy offers widely tuneable emission in the mid-infrared and has been 
utilised as an active region within sophisticated heterostructure LED and laser geometries [164]. 
However, there are currently no reported room temperature or electrically pumped GeSn lasers. 
Modelling the feasibility of GeSn as an optical gain medium and its integration into device structures 
has produced promising results in several studies [165]–[170]; but there is significant uncertainty in the 
literature on the effect that alloying has on the band structure of the GeSn alloy. The effect of increasing 
Sn content on the electronic and optical properties of the GeSn alloy is investigated in Chapter 6. 
1.4 Thesis Outline 
• Chapter 1 – Introduction: A summary of the applications in mid-infrared laser absorption 
spectroscopy is outlined together with an overview of the current approaches for mid-infrared 
semiconductor lasers using III-V and group-IV alloys. 
• Chapter 2 – Fundamental Theory: The fundamental theory relevant to semiconductor laser 
technology is presented including semiconductor band structure, the conditions for lasing and 
an explanation of thresholdless and activated Auger recombination. 
• Chapter 3 – Experimental Techniques: Describes the methodology of the experiments and 
equipment used for the temperature and pressure characterisation techniques. 
• Chapter 4 – Type-I GaSb Lasers: Reports on experimental work investigating the origin of 
the performance degradation of type-I GaSb lasers with increasing temperature and wavelength. 
• Chapter 5 – Nature of Auger Recombination: Considers the activated or thresholdless nature 
of Auger recombination in type-I GaSb-based lasers operating in the mid-infrared. 
• Chapter 6 – GeSn Band Structure: Presents experimental work on band mixing effects 
present in the GeSn alloy, as inferred from the pressure dependence of the GeSn band edge. 
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• Chapter 7 – Conclusions and Further Work: A summary of each results chapter is provided 
together with suggestions for further work based on the experimental measurements, analyses 
and conclusions presented in this thesis. 
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n this chapter we review some of the fundamental physics that underlies the rationale, methodology 
and objectives described in this thesis. 
Section 2.1 introduces features of the electronic band structure, such as critical symmetry points and 
the atomic character of the conduction and valence bands. Sections 2.2-2.4 discuss the fundamental 
optical transitions and the concepts of optical gain and optical feedback. Section 2.5 formulates the 
threshold condition for lasing in terms of the threshold gain and threshold carrier density. In Section 
2.6, the basic components and function of the semiconductor heterostructure layers in a quantum well 
laser are discussed. Section 2.7 provides an overview of the different recombination and loss processes 
that determine the threshold current density required for lasing. In Section 2.7.3, special attention is 
given to the nature of Auger recombination in quantum confined structures. Finally, in Section 2.8 the 
concept and impact of strain on the band structure and laser performance is discussed. 
I 
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2.1 Electronic Band Structure 
One of the earliest successes of quantum theory was an explanation for the properties of crystalline 
semiconductor materials. In a bulk crystalline material, the electron wavefunctions can be approximate 
by Bloch functions [171]. These are composed of a periodic function modulated by a plane wave, 
 𝜓𝑛𝒌(𝒓) = 𝑒
𝑖𝒌∙𝒓𝑢𝑛𝒌(𝒓) (2.1) 
where 𝒓 is position, 𝑛 refers to the 𝑛𝑡ℎ state associated with the wave vector 𝒌, and 𝑢𝑛𝒌(𝒓) is a periodic 
function which shares the periodicity of the crystal and is related to the constituent atomic states. 
The wavefunctions of a crystalline solid form energy bands of closely spaced states separated by band 
gaps. The band structure of a solid is determined by the geometry of the crystal and properties of the 
consistent atoms. One of the defining characteristics of a semiconductor is that the intrinsic electrons 
of the crystal can be accommodated fully by the available electron states up to a band edge. The highest 
energy band below this band edge is referred to as the valence band (VB) and the band immediately 
above the band gap is referred to as the conduction band (CB). Electrons can be extracted from the 
valence band and excited into the conduction band leaving behind a positive quasi-particle referred to 
as a hole. Holes in the valence band, like a conduction band electron, can carry a net current. 
As shown in Figure 2.1, the energy bands can be represented in k- or momentum-space, where k is 
related to the plane wave modulation in the Bloch equation and also to the quasi-momentum, 𝑝, 
associated with each state, p = ℏk, where ℏ is the reduced Planck’s constant [172]. Since the interatomic 
distances within the crystal are not isotropic there will be some directorial variation in energy of the 
states which compose the bands. The band minima typically occur at or close to specific symmetry 
points within the Brillouin zone. The critical symmetry points most relevant to face-centred cubic 
semiconductor materials are Γ, 𝑋 and 𝐿, at 𝒌 = [0, 0, 0], [0, 2𝜋/𝑎, 0] and [𝜋/𝑎, 𝜋/𝑎, 𝜋/𝑎] respectively, 
where 𝑎 is the crystal lattice spacing [173]. 
The group-IV and III-V semiconductor materials studied here exhibit sp3 hybridisation. In these systems 
the conduction band minima around the Γ-point is composed of antibonding states with s-like atomic 
orbital symmetry. Away from the Γ-point, the conduction band wavefunction takes on a mixed s- and 
p-like symmetry [174]. In contrast the valence band at Γ is formed from bonding states with p-like 
atomic orbital symmetry [174]. The valence band consists of three sub-bands, denoted as the heavy hole 
band (HH), light hole band (LH) and spin-orbit split-off band (SO) which are composed of different 
linear combinations of 𝑝𝑥, 𝑝𝑦 and 𝑝𝑧-like states. Figure 2.1b illustrates the valence band structure in the 
vicinity of Γ. In an unstrained semiconductor the heavy and light hole bands are degenerate while the 
spin-orbit split-off band is separated by ∆𝑆𝑂, due to the spin-orbit interaction. 
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Figure 2.1: (a) schematic illustration of a band structure at critical symmetry points within the first Brillouin 
zone. The conduction band (CB) is separated from the valence band (VB) by a band gap. (b) schematic of the 
valence sub-band structure in the vicinity of the Γ-point. In an unstrained material the heavy hole (HH) and light 
hole (LH) bands are degenerate at Γ, while the spin-orbit split-off band (SO) is separated by ∆𝑺𝑶 due to the spin-
orbit interaction. 
Since energy and quasi-momentum are conserved in particle interactions the band structure 
representation illustrated in Figure 2.1 is essential to understanding the electrical and optical properties 
of a semiconductor and is foundational to the rest of the work presented in this thesis. 
2.2 Interband Optical Transitions 
There are three types of radiative transition between the conduction and valence band states, shown 
schematically in Figure 2.2. These are absorption, spontaneous emission and stimulated emission [175]. 
In an interband absorption event a valence band electron absorbs an incident photon and is excited into 
an unoccupied conduction band state. Interband absorption therefore requires that the energy of the 
photon is greater than the band gap energy, or ground state transition energy. The absorption rate 
between two energy states separated by energy ℎ𝜈, is related to the density of valence band electrons, 
the density of unoccupied conduction band states and the photon density 𝑃(ℎ𝜈). 
Interband spontaneous emission involves the recombination of an electron-hole pair, where the energy 
difference between the electron and hole states is released as a photon. In spontaneous emission the 
direction and phase of the photon has no correlation to other photons in the optical field. The 
spontaneous emission rate between states in conduction and valence band depends only on the density 
of conduction band electrons and the hole density in the valence band. 
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The final process is stimulated emission, where a photon perturbs a conduction band electron inducing 
a transition to the valence band. This generates an additional photon with the same energy and direction 
as the incident photon, a condition necessary for coherent light emission. 
 
Figure 2.2: illustration of the three optical transitions (a) absorption, (b) spontaneous emission and (c) stimulated 
emission. The emitted and absorbed photons have energy 𝑬 = 𝒉𝝂, equivalent to the energy separation of the 
participating levels (E1 and E2). 
2.3 Optical Gain 
Optical gain describes the change in intensity, 𝐼, as an optical field propagates through a medium. It is 
defined as the fractional increase in the energy of an optical mode per unit length of propagation [176], 
 
𝑔 =
1
𝐼(𝑥)
𝑑𝐼(𝑥)
𝑑𝑥
,  per unit length (2.2) 
The sign and magnitude of gain depends on the balance between radiative absorption and emission 
(negative gain is equivalent to a net absorption), and therefore on the distribution of carriers in the 
valence band and conduction bands. 
Under the influence of an external pumping mechanism, electron and hole populations are introduced 
into the conduction and valence bands. Since the carrier scattering rate within a band is typically much 
faster (~10 ps) than recombination across the band gap (~1 ns), carrier populations reach thermal 
equilibrium within their respective bands [176]. The carrier distribution can therefore be described 
through Fermi-Dirac statistics but with separate valence and conduction band quasi-Fermi levels, 
 
𝑓(𝐸) =
1
exp (
𝐸 − 𝐸𝐹
𝑘𝐵𝑇
) + 1
 
(2.3) 
where 𝐸 is the state energy, 𝐸𝐹 is the Fermi level energy, defined when 𝑓(𝐸) = 0.5, 𝑘𝐵 is the Boltzmann 
constant, and 𝑇 is the temperature. 
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Optical gain is determined by the rates of stimulated emission and absorption. When these two rates are 
equal the material reaches transparency and there is no change in the intensity of the optical mode 
(neglecting spontaneous emission). Net optical gain occurs when the quasi-Fermi level separation 
exceeds the energy of the optical mode (ℎ𝜈). This is known as the Bernard-Duraffourg condition, 
 ∆𝐸𝐹 = 𝐸𝐹𝑐 − 𝐸𝐹𝑣 > ℎ𝜈 (2.4) 
where 𝐸𝐹𝑐 and 𝐸𝐹𝑣 are the conduction and valence band quasi-Fermi levels [177]. 
The minimum photon energy that satisfies the Bernard-Duraffourg condition is determined by the band 
gap in a bulk semiconductor or the ground state transition energy in a quantum well, 𝐸𝑔. The energy 
dependence of the gain spectrum for a bulk semiconductor is illustrated in Figure 2.3. With increasing 
quasi-Fermi level separation, the peak gain increases and shifts towards higher energies. 
 
Figure 2.3: illustration of the effect of increasing Fermi level separation of the gain spectra. Reproduced from 
[178]. 
2.4 Optical Feedback 
A necessary feature for lasing is to have some mechanism for optical feedback. The lasers studied in 
this work employ a Fabry-Perot cavity (Figure 2.4a). The reflective surfaces of the cavity are formed 
by cleaving along the crystallographic plane of the device. If the facets are left uncoated then the facet 
reflectivity is due to the refractive index contrast between the semiconductor and the coupling medium,  
 
𝑅 = |
𝑛1 − 𝑛2
𝑛1 + 𝑛2
|
2
 (2.5) 
where n1 and n2 are the refractive indices of the laser facet and the surrounding media respectively.  
Typically, a III-V semiconductor facet has a refractive index, 𝑛1 ≈ 3, at infrared wavelengths, (𝑛GaAs =
3.3 at 2.0 μm). Since for most solid-state laser applications the surrounding media is air (𝑛2 = 1), the 
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reflectivity of a laser facet, 𝑅 ≈ 0.3. The Fabry-Perot cavity can provide optical feedback for optical 
modes which form standing waves within the cavity. Standing waves are accommodated if the cavity 
length, 𝐿, is equal to an integer number of half-wavelengths (Figure 2.4b). The output spectrum of the 
laser is given by the convolution of the gain spectra and the comb of optical modes. With increased bias 
the spectrum becomes increasingly dominated by the dominant laser mode leading to a very narrow line 
width. 
 
 
Figure 2.4: (a) schematic of a Fabry-Perot laser cavity and (b) illustration of a standing wave mode. Reproduced 
from [178]. 
2.5 Lasing Conditions and Threshold 
As an optical mode propagates along a laser cavity the intensity is modified by the effects of gain and 
loss. These losses can be subdivided into two classes; internal loss, 𝛼𝑖 and mirror loss, 𝛼𝑚. The internal 
loss refers to distributed loss mechanisms in the cavity and is discussed further in Section 2.7.6. Mirror 
loss is due to transmission through the laser facets. 
The threshold for lasing occurs when the round optical trip in the laser cavity is sufficient to overcome 
optical losses. To preserve the optical intensity within the cavity and achieve lasing, the gain must be 
such that the optical intensity is unchanged after a round trip (2𝐿), 
 𝑅1𝑅2𝑒
(Γ𝑔𝑡ℎ−𝛼𝑖)2𝐿 = 1 (2.6) 
where 𝑅 is the facet reflectivity, Γ is the optical confinement factor, 𝑔𝑡ℎ is the threshold gain, 𝛼𝑖 is the 
internal loss and 𝐿 is the cavity length. 
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In a semiconductor laser, only a fraction of the optical mode overlaps with the gain region and is subject 
to gain. This is defined as the optical confinement factor, Γ, and the term Γ𝑔 referred to as the modal 
gain. Rearranging equation 2.6, the threshold modal gain is1, 
For convenience, the second term is packaged into a term referred to as the mirror loss, 𝛼𝑚, such that, 
It should be noted that this formulation models the mirrors loss as distributed and uniform along the 
cavity length. This approximation is generally suitable for uncoated Fabry-Perot lasers but can lead to 
unphysical results in other laser cavity systems [179]. 
2.5.1 Threshold Carrier Density 
For quantum well materials above transparency, there is an approximate logarithmic relationship 
between the peak gain, 𝑔, and the carrier density, 𝑛, [180]–[182] (Appendix B), 
 𝑔
𝑔0
= ln (
𝑛
𝑛𝑡𝑟
) (2.9) 
where 𝑔0 is the gain parameter, 𝑛, the carrier density and 𝑛𝑡𝑟 is the carrier density at transparency 
assuming 𝑛 = 𝑝. Since the modal gain must compensate for the total loss at threshold, using the semi-
logarithmic threshold-gain expression in equation 2.9 we can write the threshold carrier density as,  
2.6 Components of the Semiconductor Laser 
In this section we consider the general structure of a quantum well laser and its impact on device 
performance. A typical type-I laser heterostructure and the corresponding band alignment are presented 
in Figure 2.5 and Figure 2.6 respectively. 
                                                     
1 The modal gain at threshold will be slightly less that the total loss level due to spontaneous emission into the 
lasing mode. This condition however is still a good approximation assuming very weak spontaneous emission 
which is widely applicable in many types of lasers. 
 
Γ𝑔𝑡ℎ = 𝛼𝑖 +
1
2𝐿𝑐𝑎𝑣
ln (
1
𝑅1𝑅2
) (2.7) 
 Γ𝑔𝑡ℎ = 𝛼𝑖 + 𝛼𝑚 (2.8) 
 𝑛𝑡ℎ = 𝑛𝑡𝑟𝑒
𝑔𝑡ℎ/𝑔0 = 𝑛𝑡𝑟𝑒
(〈𝛼𝑖〉+𝛼𝑚)/Γ𝑔0 (2.10) 
2. FUNDAMENTAL THEORY 
20 
There are three essential components of a laser [176]: 
1) a medium capable of amplifying light directly by stimulated emission. 
2) a means of pumping the gain medium away from equilibrium to achieve population inversion 
and threshold gain. 
3) optical feedback through reflections at the ends of a cavity to sustain lasing. 
 
Figure 2.5: a schematic of the layers that constitute the laser heterostructure, with a magnified image of the active 
region. The image depicts a ridge contact where the current is restricted laterally by an insulting oxide layer. 
This limits the pumped region to a stripe along the cavity length. Not drawn to scale. 
 
 
Figure 2.6: schematic of the bandstructure for a typical laser device bounded in the vertical direction by the 
conduction and valence bands. The active region here consists of two quantum wells and the ground and first 
excited energy eigenstates are depicted by the blue and yellow lines. 
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In addition, an efficient laser should have some means of carrier and optical confinement within the 
vicinity of the active region.  
The laser heterostructure is comprised of a sequence of semiconductor layers grown over a supporting 
substrate. These layers can be grouped based on their functionality: 
Active region: consists of the gain medium and supporting structures, in the case of a quantum well 
active region these are the quantum wells and barrier layers which confine the carriers within a two-
dimensional plane. 
Separate confinement heterostructure (SCH): is grown either side of the active region and serves two 
important functions, confining both the photons and the carriers in the growth direction. As was 
discussed in Section 2.3, the gain in the active region depends on both the carrier and photon density. 
It is therefore important to maximise the interaction between the optical field and the gain medium. 
This can be achieved in the growth direction using index guiding provided by the separate confinement 
heterostructure (SCH). The SCH consists of two wider bandgap layers. These layers have a smaller 
refractive index relative to the active region and so the SCH acts as a waveguide, increasing the overlap 
between the optical field and the gain region. The optical confinement provided by the SCH serves an 
additional function by limiting the overlap of the optical field with the highly doped cladding layers, 
which is important in reducing internal losses (Section 2.7.6). 
Cladding: the heavily p- and n- doped layers which define the p-n junction. This provides the injection 
mechanism required for achieving population inversion. 
2.6.1 Quantum Well Active Region 
The active region refers to the layers where recombining carriers contribute gain to the desired lasing 
mode. Compared to the bulk hetro-junctions employed in earlier devices, the quantum well active region 
offers a number of advantages: accommodating high levels of strain without compromising crystal 
quality (Section 2.8), a reduced gain medium volume and a preferential density of states [183]. The 
density of states is defined as the number of states per unit energy per unit volume and is determined 
by the dimensionality of the system. Confinement in a quantum well forms discrete energy levels. The 
density of states per unit area for the case of a single quantum well sub-band with parabolic in-plane 
dispersion is given by, 
where 𝜌 is the density of states, 𝑚∗ is the effective carrier mass, ℏ is the reduced Planck’s constant, 𝐻 
is the Heaviside unit step function and 𝑗 is the sub-band index. 
 
𝜌𝑄𝑊 =∑
𝑚∗
𝜋ℏ2
𝐻 (𝐸 − 𝐸𝑛𝑗)
𝑗
 (2.11) 
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The density of states of each sub-band is therefore independent of energy, with states immediately 
available at the band edge. The two-dimensional QW density of states can be converted to a three-
dimensional density of states by dividing by the quantum well width, 𝐿𝑍. However, it should be 
recognised that the quantum well is an inherently two-dimensional system. 𝐿𝑍 only changes the 
envelope wavefunction and energy separation between sub-bands, but does not affect the energy 
spacing within the dispersion [184]. 
Using the product of the occupation probability and density of states, the carrier density within a 
quantum well can be calculated by integrating over all states from the band edge. With the 
approximation of single band occupation and parabolic and isotropic bands, the quantum well carrier 
density can be expressed analytically as, 
 
𝑛 =
1
𝐿𝑧
[
𝑚𝑐
𝜋ℏ2
𝑘𝐵𝑇] ln (1 + 𝑒
[𝐸𝐹𝑐−𝐸𝑐]/𝑘𝑇)
𝑝 =
1
𝐿𝑧
[
𝑚𝑣
𝜋ℏ2
𝑘𝐵𝑇] ln (1 + 𝑒
[𝐸𝑣−𝐸𝐹𝑣]/𝑘𝑇)
 (2.12) 
where 𝑛 and 𝑝 are the electron and hole carrier densities (cm-3) respectively and 𝑚𝑐 and 𝑚𝑣 are the 
conduction and valence band masses. Under the Boltzmann approximation these reduce to, 
 
𝑛 =
1
𝐿𝑧
[
𝑚𝑐
𝜋ℏ2
𝑘𝑇] exp (
𝐸𝐹𝑐 − 𝐸𝑐
𝑘𝑇
)
𝑝 =
1
𝐿𝑧
[
𝑚𝑐
𝜋ℏ2
𝑘𝑇] exp (
𝐸𝑣 − 𝐸𝐹𝑣
𝑘𝑇
)
 (2.13) 
The Boltzmann approximation assumes that exp[(𝐸 − 𝐸𝐹)/𝑘𝐵𝑇] ≫ 1. This condition holds provided 
that the quasi-Fermi level is more than 3𝑘𝐵𝑇 below (above) the conduction (valence) band [176]. 
Figure 2.7 illustrates the two quantum well alignments typically encountered in the literature. These are 
referred to as type-I and type-II. In a type-I quantum well, the electron and hole wavefunctions are 
localised within the same material layer, resulting in a wavefunction overlap close to unity. 
An alternative configuration is the type-II alignment where electrons and holes are confined within 
adjacent layers. There are several advantages to this approach. The most significant is the extended 
wavelength range accessible within a given material system, since the energy difference between the 
confined states is below the bandgap energy of the constituent materials. The electron and hole 
confinement can also be independently engineered, overcoming many of the issues related to type-I 
QWs such as insufficient band offsets. In addition, Auger suppression can be achieved by enforcing 
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spatially indirect transitions, modifying band masses, eliminating subband resonances and introducing 
indirect transitions. However, the reduced electron-hole overlap inherent to the type-II alignment 
impacts the optical gain which is proportional to the wavefunction (𝜓) overlap squared, |⟨𝜓𝑐|𝜓𝑣⟩|
2. 
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Figure 2.7: schematic of the (a) type-I and (b) type-II quantum well alignment. In the type-I alignment electrons 
and holes are confined within the same material layer. The ground state transition energy is determined primarily 
by the material band gap and the wavefunction overlap is close to unity. In the type-II alignment electrons and 
holes are confined within adjacent layers. The transition energy (green arrow) is smaller than the band gap (black 
arrow) of the constituent layers but the wavefunction overlap is subsequently reduced. Simulated using 
nextnano++. 
For optical emitters it is therefore critical to have significant overlap between the carrier wavefunctions. 
One approach is the type-II superlattice, where the carrier wavefunctions are extended across successive 
layers. The coupling of the wavefunction between multiple quantum wells forms a miniband and 
consequently a broad emission spectrum. While superlattice active regions are well suited for mid-
infrared LEDs [185], the strong spontaneous emission is problematic for lasers. 
The most successful approach for type-II mid-infrared lasers is the ‘W’ configuration in which the 
electron wavefunction is coupled between two quantum wells (Figure 2.8). The ‘W’ alignment which 
takes its name from the conduction band profile, was proposed by Meyer et al to achieve a high 
wavefunction overlap while maintaining type-II transitions [153]. With this configuration, the 
conduction band ground state is split into two eigenstates with a lower symmetric and an upper 
antisymmetric wavefunction. Due to the symmetry of the hole wavefunction, only the lower electron 
state provides a non-vanishing wavefunction overlap. Crucially the ‘W’ alignment preserves a two-
dimensional density of states and does not exhibit the broad emission spectrum associated with 
superlattice active regions. 
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Figure 2.8: band alignment of the ‘W’ configuration. The electron wavefunction resides manly within the GaInAs 
layers while the hole wavefunction is confined to the GaAsSb quantum well. Simulated using nextnano++. 
2.7 Recombination Channels 
The onset of lasing requires a threshold carrier density in the active region. The injected current required 
to achieve this depends on the injection efficiency and the rate at which electron-hole pairs are depleted 
in the quantum well. Mechanisms which remove carriers from the active region may be broadly 
categorised as either radiative, non-radiative or leakage currents. In a radiative process the energy 
released from electron-hole recombination is carried by a photon. For non-radiative mechanisms this 
energy is transformed into excitations within the lattice.  
There are four types of processes which deplete the carrier population in the active region, these are (1) 
defect related recombination, (2) radiative recombination, (3) Auger recombination and (4) additional 
mechanisms such as current leakage. Below threshold we can form the following phenomenological 
expression for the current density, 
 𝐽 = 𝐽𝑑𝑒𝑓 + 𝐽𝑟𝑎𝑑 + 𝐽𝐴𝑢𝑔𝑒𝑟 + 𝐽′ (2.14) 
The explicit carrier dependence is typically expressed through a power law, 
 𝐽 = 𝑒𝑉(𝐴𝑛 + 𝐵𝑛2 + 𝐶𝑛3) + 𝐽′ (2.15) 
Where the terms preceded by the constants 𝐴, 𝐵 and 𝐶 describe defect, radiative and Auger 
recombination respectively. The final term 𝐽′ accounts for mechanisms where recombination does not 
occur within the quantum well. These include incomplete carrier capture and carrier leakage. 
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2.7.1 Defect Assisted Recombination 
In a semiconductor defects refers to a break in the compositional or structural symmetry of the crystal 
[186]. Examples of defects include impurity atoms in various positions within the lattice and crystal 
dislocations. The effect of defects on the crystal is complex and can produce several effects such as 
local strain and band structure perturbations [187]. However, the most significant influence that defects 
exert on semiconductor emitters is to act as recombination centres [188]. The strong localisation of the 
carrier wavefunction to the defect state and the corresponding delocalization in k-space means that 
defects can facilitate the recombination of electrons and holes across the bandgap [189]. The basic 
recombination statistics of inter-bandgap defect states was investigated by Shockley, Read and Hall 
[190], [191]. Under high injection, the defect-related recombination current depends linearly on the 
carrier density through [188], 
 
𝐽𝑑𝑒𝑓 = 𝑒𝐿𝑧 ∙ [
𝛾𝑛𝛾𝑝
𝛾𝑛 + 𝛾𝑝
] 𝑛 = 𝑒𝐿𝑧 ∙ 𝐴𝑛 (2.16) 
where 𝛾𝑛 and 𝛾𝑝 are the capture rates per carrier for electrons and holes respectively, and 𝐿𝑧 is the 
quantum well width. 
Note that in deriving equation 2.16, no assumptions are made about the dominant capture process. The 
probability of capture depends on the thermal velocity of the carrier, 𝑣𝑇, the capture cross section, 𝜎, 
and the defect density, 𝑛𝑑𝑒𝑓, 
 𝛾𝑛(𝑝) = 𝑣𝑇,𝑛(𝑝)𝜎𝑛(𝑝) ∙ 𝑛𝑑𝑒𝑓 (2.17) 
The capture cross section, 𝜎, is related to the capture mechanism, such as radiative, phonon-assisted or 
Auger capture and can have a complex temperature and material dependence [186]. Depending on the 
nature of the capture process the carrier density dependence can also be modified. For relatively well 
established GaSb material systems, growth quality is expected to be high and defect-related 
recombination is typically dominant only at low carrier densities relative to threshold. 
A high density of defects can also occur at surfaces with a high density of dangling bonds, and at 
heterostructure interfaces between the active, SCH and cladding layers. An analytical expression for 
surface recombination is almost identical to that of Shockley-Read-Hall recombination, except that 
recombination is due to the two-dimensional density of traps defined by the interface. Consequently, 
local defect assisted recombination and surface recombination can usually be consolidated into a single 
defect coefficient. Beyond their effect on the threshold current density, defects have a profound effect 
on the lifetime on devices and proliferate through non-radiative recombination [192]. 
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2.7.2 Radiative Recombination 
Radiative transitions are mediated by dipole interactions involving the emission or absorption of 
photons. Since the photon wave vector is negligibly small compared to the electron and hole states, it 
is assumed that radiative recombination can only occur between states with the same k-value (Figure 
2.9). Subject to this k-selection rule, the transition rate for the radiative process is given by Fermi’s 
Golden rule [193], 
 
𝑅𝑟𝑎𝑑 = (
𝑒
𝑚0
)
2 1
𝜀0
𝜇∗
𝐿𝑧
√𝜀𝑟
𝜋2𝑐3ℏ4
|𝑃𝑐,𝑣|
2
𝐸𝑔∫ 𝑓𝑐(𝐸𝑐)[1 − 𝑓𝑣(𝐸𝑣)]
∞
𝐸𝑔
𝑑𝐸 (2.18) 
where 𝑚0 is the free electron mass, 𝜇
∗ is the reduced density of states of the electron-hole pair, 𝜀𝑟 is the 
relative permittivity, 𝐸𝑔 is the bandgap and |𝑃𝑐,𝑣|
2
 is the electron-hole momentum matrix element and 
𝐿𝑧 is the quantum well width. Under the Boltzmann approximation the radiative recombination current 
is, 
 
𝐽𝑟𝑎𝑑 = 𝑒𝐿𝑧 ∙ [(
𝑒
𝑚0
)
2 𝐿𝑧
𝜀0
√𝜀𝑟
𝑐3
|𝑃𝑐,𝑣|
2
𝐸𝑔
1
𝑚𝑐 +𝑚ℎ
1
𝑘𝐵𝑇
] ∙ 𝑛𝑝 = 𝑒𝐿𝑧 ∙ 𝐵𝑛𝑝 (2.19) 
As defined in equation 2.19, the radiative coefficient, 𝐵 is inversely proportional to temperature. 
 
 
Figure 2.9: illustrates the calculation of the radiative recombination rate between a single parabolic valence and 
conduction sub-bands. 
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2.7.3 Auger Recombination 
Many of the issues related to the performance of interband mid- and near-infrared devices can be 
attributed to non-radiative Auger recombination. In a direct Auger process, the energy released from an 
electron-hole recombination is imparted to a third carrier which scatters to a higher state in either the 
same or a different band [194]. This transition is mediated by Coulomb interactions between the 
interacting carriers. Since three carriers must simultaneously interact, Auger recombination is 
proportional to 𝑛3 (within the Boltzmann framework and assuming 𝑛 = 𝑝). Auger recombination not 
only depletes the carrier density in the active region but also heats the crystal as the ‘hot’ carrier 
deexcites, releasing energy via phonon scattering. If the hot carrier has enough energy it may also act 
as a further leakage pathway [195]. For mid-infrared devices the most frequently cited Auger 
mechanisms are the CHCC and CHSH processes [140]. In the CHCC process, an electron-hole 
recombination between the Conduction and Heavy hole bands (CH-) is accompanied by the excitation 
of a Conduction band electron further into the Conduction band (-CC). In the CHSH process the 
excitation is an electron from the Spin-orbit split off band into the Heavy hole band (-SH). These are 
depicted in Figure 2.10. 
Early treatments of Auger recombination were developed by Beattie and Landsberg [196], where the 
Auger recombination rate is given by, 
 
𝑅𝐴𝑢𝑔𝑒𝑟 ∝
2𝜋
ℏ
∑|𝑀𝑖𝑓|
2
𝑃(1,2,3,4)𝛿(𝐸𝑓 − 𝐸𝑖)
𝑖𝑓
 (2.20) 
where 𝑖 and 𝑓 are initial and final states in the transition, 𝑀𝑖𝑓 is the matrix element for the screened 
Coulomb interaction, 𝑃 = 𝑓1𝑓2𝑓3(1 − 𝑓4) accounts for the occupation probability of the participating 
carriers and the delta function accounts for energy conservation. Within the Boltzmann approximation, 
a simple analytical expression can be derived for the Auger current density, 
 𝐽𝐴𝑢𝑔𝑒𝑟 = 𝑒𝐿𝑧 ∙ 𝐶𝑛
3 (2.21) 
The 𝑛3 assumes equal electron and hole densities (𝑛 = 𝑝) but should more accurately be expressed as 
𝑛2𝑝 and 𝑝2𝑛 for the CHCC and CHSH processes, respectively. Under conditions of energy and 
momentum conservation the Auger recombination coefficient, 𝐶, is given by, 
 
𝐶 = 𝐶0 exp (−
𝐸𝑎
𝑘𝐵𝑇
) (2.22) 
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where 𝐶0 depends on the material and matrix element, 𝐸𝑎 is the activation energy, 𝑘𝐵 is the Boltzmann 
constant and 𝑇 is the temperature. Under non-degenerate conditions, the probability of Auger 
recombination sharply peaks around the lowest energy configuration of carriers which satisfies energy 
and momentum conservation laws (Appendix D). This is reflected in the activation energy, which is the 
sum of these carrier energies relative to their respective band edge. 
 
Figure 2.10: (a) In CHCC Auger recombination the energy released from an electron hole recombination is 
imparted to an electron which is excited further into the conduction band (CB). (b) In the CHSH process the 
energy is imparted to an electron in the spin-orbit split-off band (SO) which is then excited into the heavy hole 
band (HH). 
Assuming parabolic bands under the simplified Kane model, the activation energy for the CHCC 
process is [197], 
 𝐸𝑎(𝐶𝐻𝐶𝐶) =
𝑚𝑐
𝑚𝑐 +𝑚ℎ
𝐸𝑔 (2.23) 
where 𝑚𝑐 and 𝑚ℎ are the in-plane carrier masses for the electron and heavy hole bands and 𝐸𝑔 is the 
bandgap. With the concept of an activation energy, the wavelength (or bandgap) dependence of the 
Auger recombination rate can be explained. In the activated CHCC process, as the bandgap decreases, 
energy and momentum constraints can be satisfied by carriers closer to the band edge, as shown in 
Figure 2.11. The band masses will also influence the CHCC activation energy. For example, with a 
heavy valence band mass, carriers occupy a broader range of momenta and so the activation energy is 
reduced. 
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Figure 2.11: diagrams to illustrate the effect of the bandgap energy on the minimal energy configuration of 
carriers which satisfies energy and momentum constraints for a CHCC Auger process. At longer wavelengths 
(smaller bandgap), carriers closer to the band edge can meet conservation requirements, resulting in a smaller 
activation energy. 
The CHSH process involves transitions between the heavy hole band and the spin-orbit split-off band. 
Consequently, there are two distinct regimes, where the bandgap energy is either less than or greater 
than the spin split-off energy. The activation energies in each case are [197], 
 𝐸𝑎(𝐶𝐻𝑆𝐻) =
𝑚𝑠
2𝑚ℎ +𝑚𝑐 −𝑚𝑠
(𝐸𝑔 − ∆𝑆0),         𝐸𝑔  > ∆𝑆𝑂
𝐸𝑎(𝐶𝐻𝑆𝐻) = ∆𝑆0 − 𝐸𝑔 ,         𝐸𝑔 < ∆𝑆𝑂
 (2.24) 
Where ∆𝑆𝑂 is the spin-orbit split-off energy and 𝑚𝑠 is the spin-orbit split-off band effective mass. 
From equation 2.24 we can see that the activation energy is extremely sensitive to the energetic 
proximity between 𝐸𝑔 and ∆𝑆𝑂. At resonance (𝐸𝑔 = ∆𝑆𝑂), no activation energy is required since the 
participating carriers can all exist at the minimum within their respective bands. Moving away from 
resonance, the CHSH process will decrease more gradually if 𝐸𝑔 > ∆𝑆𝑂, and this is reflected in the 
prefactor of equation 2.24, where 𝑚𝑠 (2𝑚𝑐 +𝑚ℎ −𝑚𝑠)⁄ < 1 [197]. A fundamental consideration in 
the design of lasers is therefore the spin-orbit energy relative to the bandgap [195], [198]. 
The Auger processes discussed so far satisfy energy and momentum conservation through transitions 
in the plane of the quantum well, illustrated in Figure 2.12a. It is these conservation conditions that give 
rise to the kinematic threshold described by the activation energy; as discussed in several well-known 
textbooks [176], [199], [200]. We can refer to such transitions as activated in nature. In these activated 
processes the Auger coefficient is extremely sensitive to material properties such as interband 
resonances, carrier masses and bandgap. These considerations have in-part motived type-II alignments, 
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where there is greater freedom in heterostructure design, and the valence band resonances can be more 
easily be avoided [201]. 
Quantum confinement provides an additional pathway for Auger recombination to occur [202], [203]. 
The spatial non-uniformity in the band alignment that forms the quantum well means that the 𝑘𝑧 values 
(perpendicular to the plane of the quantum well) of the confined carriers are no longer well defined 
[204]. This localisation of the wavefunction in real space leads to a broadening in 𝑘-space. Auger 
recombination can then occur without any kinematic threshold if the excitation is to the continuum of 
delocalised states [204]–[210]. 
For type-I interband lasers in particular, the transition energy is typically greater than band offsets of 
either the valence or conduction band, and so these transitions are energetically possible. In contrast 
most type-II mid-infrared lasers have larger conduction and valence band offsets. The final state of the 
carriers excited in the Auger process are therefore localised in the plane of the QW [142]. As a result, 
bound to unbound Auger processes are supressed [211]. 
Figure 2.12b illustrates an Auger recombination process involving continuum states. The energy 
released from the electron-hole recombination is imparted to a carrier which is then ejected in a direction 
perpendicular to the plane of the quantum well (𝑘𝑧 ≫ 𝑘∥). This is shown in the figure for the case of a 
hot electron but could alternatively involve a hot hole excitation. The bound-unbound transition is 
permitted provided that the confined wavefunction has a 𝑘𝑧 component matching that of the delocalised 
state. We can refer to such transitions as thresholdless since there is, in principle, no kinematic 
threshold. It must be recognised however that the matrix element will also affect the recombination rate 
for a given carrier configuration. 
Due to the fundamentally different recombination pathway for bound-unbound Auger transitions, the 
dependence of the Auger recombination coefficient on various operational and structural parameters 
differs from that of the activated process [212]. Significantly, due to the thresholdless nature of the 
transition, the Auger coefficient depends only very weakly on temperature [204]–[210]. This contrasts 
with the exponential temperature dependence of the Auger coefficient in the activated process (see 
equation 2.22). 
The thresholdless pathway will also be sensitive to the structural details of the active region. Since the 
confining potential causes a spatial localisation of the wavefunction. This affects the overlap between 
the slowly varying (in the z-direction) confined state in the quantum well and the highly oscillatory 
excited state in the continuum. Appreciating this affect has led to a remarkable suppression of Auger 
recombination in colloidal quantum dots [213]–[215]. In quantum dots, where confinement is in all 
three dimensions, Auger recombination must necessarily be thresholdless in nature. By radially grading 
the quantum dot composition the abruptness of the interface can be reduced [216]. This then supresses 
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the high 𝑘-components of the confined wavefunction, weakening the Auger transitions. It may be 
possible that such an approach could yield significant improvements in quantum well based devices, if 
a thresholdless Auger process is dominant [217], [218]. 
Another important consideration is the excess excitation energy above the barrier. The Auger coefficient 
has a resonance when the interband transitions energy approaches the barrier edge, (𝐸𝑔 ≈ ∆𝐸𝑐,𝑣) [219]. 
Increasing the excess excitation energy requires transitioning to a state with a larger 𝑘𝑧 momentum and 
so, for a given barrier offset, the Auger coefficient will increase with wavelength. In this respect, lower 
band offsets can enhance device performance, although such a strategy will be attended by concerns 
related to carrier leakage and the differential gain [219]. 
 
Figure 2.12: Illustration of (a) the activated Auger process, where energy and momentum conservation in the 
plane of the quantum well requires participating carriers to be distributed in k-space, away from the zone centre. 
(b) in the thresholdless Auger process carriers at the zone centre can participate since there is no transfer of in-
plane momentum. Instead energy is conserved by the excited carrier being ejected into a highly oscillatory state 
with a large z-momentum. 
As illustrated in Figure 2.12, the two Auger mechanisms are distinguished by the kinetics of the excited 
carrier during the Auger process, being either predominately in the plane of the quantum well (𝑘∥ ≫ 𝑘𝑧) 
as in the case of the activated process or predominately in a direction perpendicular to the plane 
(𝑘∥ ≪ 𝑘𝑧), as in the thresholdless process. It should also be recognised that the activated and 
thresholdless processes, as described here, exist at the extremes of a continuum. The distribution of the 
kinetic energy between 𝑘∥ and 𝑘𝑧 provide Auger channels with degrees of activated or thresholdless -
like character, with modified activation energies as well as operational and structural sensitivities. 
While it is well established that Auger recombination plays an important role in the threshold current 
density and temperature sensitivity of interband lasers there appears to be no clear consensus in the 
literature for the nature of Auger recombination in quantum wells. Both the activated [140], [220]–
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[223] and thresholdless [208]–[210], [224] mechanisms have been variously invoked to explain the 
temperature and wavelength dependence of near- and mid-infrared quantum well lasers. Uncertainty on 
this topic provides a fundamental challenge to improving the performance of interband lasers through 
Auger suppression. This is investigated further in Chapter 5. 
2.7.4 Carrier Leakage 
Carrier leakage (Figure 2.13) is a multi-step process in which carriers escape the quantum well and then 
diffuse through the higher bandgap region, where they recombine or transit to the opposing contact. In 
a typical heterostructure device, leakage is due to the thermal distribution of carriers. This can provide 
a non-zero density of carriers with energies greater than that of the confining potential. Only a fraction 
of these energetic carriers will participate in a leakage current. This is due to several factors such as the 
random orientation of carrier velocities and diffusion back into the quantum well [199]. For this reason, 
carrier blocking layers, which inhibit the diffusion of carriers away from the quantum well, can be used 
to mitigate carrier leakage. 
 
Figure 2.13: illustration of carrier leakage from the quantum well. Carriers outside the quantum well may 
recombine or transit to the opposing contact. 
A simple model for carrier leakage can be constructed if we can assume that the carrier density between 
the well and barrier layers are in equilibrium. The quasi fermi level is therefore continuous across the 
interface and the carrier density at the well-barrier interface is given by, 
 
𝑛0 = ∫ 𝜌𝑐𝑓𝑐(𝐸)
∞
𝐸𝐵
𝑑𝐸 = 𝑁𝑐𝑒
(𝐸𝐹𝑐−𝐸𝐵)/𝑘𝑇 (2.25) 
where 𝜌𝑐 is the density of states, 𝑓𝑐 is the fermi function and 𝐸𝐵 is the barrier energy. 
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In deriving equation 2.25 we have assumed that the barrier band edge is sufficiently large, permitting 
the use of the Boltzmann approximation. In the absence of an electric field, the transit of carriers away 
from the quantum well is achieved through the diffusion of the minority carriers in the larger bandgap 
region. This diffusion current is given by, 
 
𝐽𝑙𝑘 = 𝑒𝐷
𝑑𝑛𝑙𝑘
𝑑𝑧
|
𝑧=0
 (2.26) 
where 𝑛𝑙𝑘 is the carrier density profile in the high band gap region, 𝑧 = 0 is the well-barrier interface 
and 𝐷 is the diffusion constant [225]. The differential minority population represents the recombination 
of carriers within the larger bandgap region. The carrier density can be modelled as an exponentially 
decaying population, with a characteristic lifetime, 𝜏 or diffusion length, 𝐿𝐷, such that 𝑛(𝑧) =
𝑛0 exp(−𝑧/𝐿𝐷). This characterises the distance that the minority carrier population penetrates into the 
higher band gap region and since the carrier lifetime is related to the recombination dynamics of the 
minority carriers, the diffusion length will also carry an additional temperature dependence [226]. 
Minority carriers may recombine with successive layers of the heterostructure, or transit to the opposing 
contact. Provided that the diffusion length is less than the SCH width (the minority carrier density falls 
to zero within the SCH region, as illustrated in Figure 2.13), 
 
𝐽𝑙𝑘 =
𝑒𝐷
𝐿𝐷
𝑛0 =
𝑒𝐷
𝐿𝐷
∙ 𝑁𝑐 exp (
𝐸𝐹𝑐 − 𝐸𝐵
𝑘𝑇
) (2.27) 
Relating equation 2.27 to the quantum well carrier density, we can rewrite the exponential term as, 
 
𝐽𝑙𝑘 ∝ exp (
𝐸0 − 𝐸𝐵
𝑘𝑇
) exp (
𝐸𝐹𝑐 − 𝐸0
𝑘𝑇
)
 
 
= exp (−
∆𝐸𝐶
𝑘𝑇
)(𝑒
𝑛
𝑁𝑐 − 1)
 (2.28) 
where ∆𝐸𝐶 is the difference between the QW and barrier/SCH band edge. 
From the first term we can see that the leakage current depends exponentially on the band offset and 
temperature. Expanding the second bracket we find that the current leakage can also be related to the 
carrier density in the quantum well through a power series. With increasing injection, higher order terms 
will increasingly contribute to the recombination rate [227], 
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𝑒
𝑛
𝑁𝑐 − 1 = 𝛼𝑛 + 𝛽𝑛2 + 𝛾𝑛3 + 𝛿𝑛4 + 𝜀𝑛5 +⋯ (2.29) 
The heavy hole mass lowers the mobility of the holes and results in the valence band quasi fermi-level 
typically being above the valence band edge at threshold. Electron leakage therefore tends to dominate 
in the near-infrared. However, as discussed in Section 4.2, moving into the mid-infrared typically 
requires a compromise between the emission wavelength of type-I structures and the valence band 
offset. Between 2-3 µm band offsets can be as small as a few 10s of meV, making hole leakage not only 
viable but potentially a major contributor to the threshold current density. However, any charge 
imbalance in the quantum well will generate a local electric field which acts against further carrier 
leakage. Indeed the electrostatic attraction between carriers can induce confinement even in the absence 
of band discontinuities [228]. 
2.7.5 Cautionary Comments 
It should be noted from the outset that the simple carrier density dependence in equation 2.15 was 
derived under the Boltzmann approximation and simplified Kane model. At high carrier densities these 
assumptions become increasingly inadequate. The consequence of phase space filling, band anisotropy  
and multiple subband occupation [229] amongst others has been investigated in detail by Hader et al 
[230], [231]. Numerical simulations of the radiative and Auger processes using Fermi-Dirac statistics 
indicate under high injection the carrier density exponents are suppressed such as that 𝐽𝑟𝑎𝑑 ∝ 𝑛
<2 and 
𝐽𝐴𝑢𝑔𝑒𝑟 ∝ 𝑛
<3 2. Experimental measurements have also indicated a reduced carrier dependence under 
high injection [232].This has motivated some authors to introduce a carrier density dependence into the 
recombination coefficients, of the form [233], [234], 
 
𝐵 =
𝐵0
1 + 𝑛/𝑛∗
 ,     𝐶 =
𝐶0
1 + 𝑛/𝑛∗
 (2.30) 
However, the so-called “ABC-model” described by equation 2.15 remains instructive in understanding 
the carrier dynamics at threshold. 
2.7.6 Internal Losses 
As shown in equation 2.8, the threshold gain condition depends on the optical loss. Moreover, optical 
loss effects the external quantum efficiency and hence the output power. The total internal loss α𝑖 can 
be described by three separate loss factors, 
                                                     
2 To illustrate the effects of phase-space filling the application of Fermi-Dirac statistics on the radiative carrier 
dependence is considered further in Appendix C, following the procedure of Bourdon et al [193]. 
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 𝛼𝑖 = Γ𝛼𝑎𝑐𝑡𝑖𝑣𝑒 + (1 − Γ)𝛼𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 + 𝛼𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 (2.31) 
where Γ is the optical confinement factor in the active region, αactive and αcladding refer to absorption in 
the active and cladding layers, and scattering  is losses due to scattering [235]. 
Spin-orbit mediated intervalence band absorption which is so detrimental in near-infrared lasers is 
generally suppressed in GaSb mid-infrared quantum well lasers, as the lasing energy, 𝐸𝑙𝑎𝑠𝑒 ≪ ∆𝑆𝑂. 
Additionally scattering losses is not expected to be dominate at these wavelengths [235]. Consequently, 
optical losses tend to be dominated by free-carrier (intra band) or intervalence band absorption in the 
doped cladding layers. The increased overlap between the optical mode and doped cladding regions at 
longer wavelengths (all else being equal) will strengthen these optical losses. Introducing a broadened-
waveguide configuration by increasing the thickness of the undoped separate confinement 
heterostructure can mitigate this effect [236], although the thickness of the SCH will also impact the 
internal efficiency and the optical confinement factor [237]. Free carrier absorption which scales as 
approximately 𝜆2(3), can introduce an additional wavelength dependence into the optical loss. 
Additionally, a further implication of the bound to unbound transitions is that they could provide a 
pathway for optical loss, liberated from the conventional restrictions of momentum conservation in 
unconfined structures [224]. 
2.8 Incorporation of Strain 
In planar semiconductor devices, layers are grown epitaxially onto a thick supporting substrate. During 
deposition, atoms bond to those of the preceding layer and conform to the established in-plane lattice 
constant and crystalline structure. The growth of lattice mismatched epilayers is referred to as 
pseudomorphic. In planar pseudomorphic growth, strain is introduced into the epilayer. The induced 
strain is defined as the fractional increase in the lattice spacing, 
 𝜀 =
𝛼𝑛𝑎𝑡𝑖𝑣𝑒 − 𝛼𝑠𝑢𝑏
𝛼𝑛𝑎𝑡𝑖𝑣𝑒
 (2.32) 
where αnative is the native lattice constant of the unstrained epilayer, and αsub is the lattice constant of the 
substrate and consequently of the strained epilayer. 
Provided that the layer thickness does not exceed some critical value, pseudomorphic strain can be 
accommodated without the formation of growth defects. Beyond the critical thickness it becomes 
energetically favourable to release the strain through the formation of dislocations. The presence of 
defects can have a profound impact not only on device efficiency but also on the device lifetime [192]. 
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For InGaAs/GaAs with about 1% strain, the critical thickness is approximately 10 nm, which about the 
thickness of a quantum well. One of the major advantages of the quantum well system is its capacity to 
tolerate moderate amounts of strain. 
As illustrated in Figure 2.14, planar pseudomorphic epitaxy induces a lattice distortion both parallel and 
perpendicular to the epilayer plane. This is referred to as biaxial strain since the strain is induced by 
stress applied equally in two perpendicular directions. Likewise, the response of a material to uniaxial 
stress (such as in suspended nanowire structures) is referred to as uniaxial strain. If the unstrained lattice 
constant is smaller than the substrate, then the epilayer will be stretched in the plane of growth, 
introducing biaxial tensile strain (𝜀∥ < 0). Conversely, if the lattice constant of the unstrained layer is 
larger than that of the substrate, the epilayer becomes compressed, introducing biaxial compressive 
strain (𝜀∥ > 0). Biaxial strain also modifies the lattice constant in the growth (z) direction, but in the 
converse manner (i.e. biaxial tensile strain induces a uniaxial contraction in the growth direction). 
 
Figure 2.14: illustration of strain induced in an epilayer (coloured blue) during epitaxial growth on different 
substrates. The native lattice constant of the epilayer is (a) lattice matched to the substrate (unstrained), (b) larger 
than the lattice constant of the substrate (compressive strain) and c) smaller than the lattice constant of the 
substrate (tensile strain). 
The electronic band structure is determined by the matrix elements that come from the overlap of the 
wavefunctions (𝑠, 𝑝𝑥-type etc.) and is therefore related to the position of the atoms within the crystal 
lattice. Thus, even small amounts of strain can induce significant changes in the band structure. The 
effect of biaxial strain on the band energies at Γ is illustrated in Figure 2.15 calculated using deformation 
potential theory (DPT). 
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Figure 2.15: (a) DPT calculations for the critical point energies and (b) bandgap of GaSb under biaxial strain 
in the (001) plane. Parameters taken from [238]. The grey dot-dash lines show the effect of the hydrostatic strain 
component only. 
The effect of strain on the bandstructure can be understood by considering separately the hydrostatic 
and axial components of strain. The hydrostatic component, 𝜀ℎ𝑦𝑑 describes the fractional change in the 
total volume of the crystal lattice. Neglecting cross components the hydrostatic strain is given by, 
 
𝜀ℎ𝑦𝑑 =
∆𝑉
𝑉
≈ 𝜀𝑥𝑥 + 𝜀𝑦𝑦 + 𝜀𝑧𝑧 (2.33) 
For the case of biaxial stress, in general 𝜀𝑧 < 𝜀∥. The in-plane strain therefore determines the overall 
volume deformation, so that compressive strain will reduce the total volume of the crystal lattice and 
biaxial tensile strain will expand the total volume of the crystal lattice. The volume deformation due to 
compressive biaxial strain increases the conduction band energy and reduces the energy of all three 
valence bands at Γ. This leads to an increase in the band gap energy. Strain is therefore an important 
consideration in the band alignment of a device where local strain fields can be used to augment or even 
generate quantum confinement and pseudo-heterostructures [50]. 
The axial component of strain, 𝜀𝑎𝑥 describes the asymmetry in the strain parallel and perpendicular to 
the growth plane, 
 𝜀𝑎𝑥 = 𝜀⊥ − 𝜀∥ (2.34) 
Axial strain creates a tetragonal distortion which breaks the cubic symmetry of the crystal lattice and 
so splits the degeneracy of the light and heavy hole bands at Γ. In the case of biaxial compressive strain, 
the uniaxial component raises the heavy hole band in energy while the light hole band is lowered. In 
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addition to breaking the degeneracy of the valence band states, the axial component also causes the 
valence band dispersion to become strongly anisotropic. This is illustrated schematically in Figure 2.16. 
Under compressive strain the heavy hole band in-plane mass approaches that of the conduction band 
mass at Γ but is heavy in the growth direction. Conversely under biaxial tensile strain the light hole 
band has a heavy in-plane mass but is light in the growth direction. 
The potential benefits of compressive strain were proposed by Adams and then independently by 
Yabolonovitch and Kane. As discussed in previous sections, the carrier mass and density of states can 
have a significant effect on device performance, impacting the threshold carrier density, recombination 
coefficients, the linewidth enhancement factor and the differential gain [239]. 
In bulk semiconductors, the heavy hole mass is several times that of the conduction band. The 
significant mismatch in the densities of states has a negative impact on nearly every facet of laser 
performance. For example, the transparency condition requires that the quasi-Fermi level separation is 
equal to the band gap (or ground state transition energy is quantum well structures). Due to the effective 
mass mismatch and the condition of charge neutrality, the conduction band quasi-Fermi level is pushed 
above the conduction band edge. Under compressive strain the valence band mass becomes increasingly 
light in the plane of the quantum well. Consequently, the transparency condition can be met with a 
lower conduction band quasi-Fermi level and thus a lower carrier density at transparency. 
 
Figure 2.16: illustration of the unstrained band structure and the effects of biaxial compressive and tensile strain. 
Note, that the band energies are redrawn with respect to the valence band edge. but the valence bands will be 
energetically raised or lowered relative to the unstrained case. 
In addition to the effect of strain on the density of states, strain also effects laser performance by 
modifying the composition of the valence band edge. This can be understood by considering the 
character of the valence sub-bands, which at Γ are composed of 𝑝-like atomic states. As illustrated in 
Figure 2.17, the heavy hole band consists of equal parts 𝑝𝑥 and 𝑝𝑦 like states, while the light hold band 
consists of 2/3 𝑝𝑧-like states, and 1/6 𝑝𝑥- and 1/6 𝑝𝑦-like states. In a radiative transition between the s-
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like conduction band and p-like valence bands, the electric field of the photon is polarised along the 
axis of the 𝑝-orbital. For example, a transition into a state with 𝑝𝑦-like symmetry generates a photon 
polarized in the 𝑦-direction and propagating in either the 𝑥- or 𝑧-directions. In an edge emitting laser, 
for radiative transitions to contribute to the lasing mode, the photon must propagate along the laser 
cavity, i.e. along the 𝑥-axis. Therefore, transitions to 𝑝𝑥 orbital cannot contribute usefully to the optical 
gain but do contribute to spontaneous emission. 
If the heavy hole band lies energetically above the light hole band, through the application of 
compressive strain or quantum confinement, holes preferentially occupy states with 𝑝𝑥- and 𝑝𝑦- like 
symmetry (illustrated by the size of the atomic orbitals in Figure 2.17). Therefore, under compressive 
strain about half of the hole population occupy states with 𝑝𝑦-like symmetry and can contribute usefully 
to a TE lasing mode. Under tensile strain the light hole band is raised above the heavy hole band. Almost 
the entire hole population therefore occupies states with 𝑝𝑧-like symmetry and can contribute usefully 
to a TM lasing mode, improving the optical gain in tensile-strained quantum well structure.  
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Figure 2.17: qualitative illustration of the effect of strain on the hole population of the three p orbitals, as 
represented by the relative size of the orbital. (a) in an unstrained layer the hole population is distributed evenly 
amongst the three p orbitals which comprise the valence band around the Γ point. (b) under biaxial compressive 
strain the energy of the px and py orbitals is increased relative to that of the of the pz orbitals, increasing their 
hole population. (c) under biaxial tensile strain the energy of the pz orbital is increased, increasing the pz hole 
population and the gain of TM polarisation, along the cavity. Reproduced from [183] and [240]. 
41 
 
3. 
 
EXPERIMENTAL TECHNIQUES 
Contents 
3.1 General Setup ............................................................................................................................................... 41 
3.1.1 Laser Clip and Mounting 43 
3.2 Temperature Measurements ......................................................................................................................... 44 
3.2.1 Methodology 45 
3.3 Hydrostatic Pressure Measurements ............................................................................................................ 47 
3.3.1 Methodology 49 
 
his chapter introduces the apparatus and experimental techniques used to investigate the mid-
infrared devices and material reported on in this thesis. Section 3.1 introduces the general setup 
for optoelectronic measurements, which is used for the majority of the laser characterisation studies. 
This includes an overview of the various strategies for device mounting and optical collection from the 
facets. To investigate the recombination dynamics of the lasers in Chapter 4, two independent 
experimental methods were used: the temperature dependence of the laser characteristics (Section 3.2) 
and the response of the laser characteristics to hydrostatic pressure (Section 3.3). Hydrostatic pressure 
is also used to investigate the material properties of the GeSn alloy, discussed in Chapter 6. 
3.1 General Setup 
Measurements of the facet and spontaneous emission were built around the same core setup, illustrated 
in Figure 3.1. In this work the devices were biased using a pulse generator which generates a square 
voltage pulse at a set frequency. Pulsed operation is essential since the temperature of a device can 
increase rapidly through mechanisms such as resistive heating. With a suitable choice of the pulse width 
and frequency, the internal heating can be minimised, and the device can return to the heat-sink 
temperature between successive pulses. Modulating the laser chip can therefore mitigate the effect of 
self-heating which would otherwise obscure the temperature dependence of the threshold current. 
T 
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Figure 3.1: schematic of the standard experimental setup for LI (light – current) and VI (voltage – current) 
measurements. GPIB connections are represented by the outer (blue) path and connections from the pulse trigger 
are represented by the inner (gold) path. The laser circuit consists of the mounted laser chip and 47 Ω resistor 
connected in series. The current is measured using a current probe and oscilloscope. Measurements were 
controlled through bespoke LABVIEW code. 
An important metric for pulsed measurements is the duty cycle, which defines the fraction of time the 
voltage bias is applied, 
where 𝑤 is the pulse width, 𝑇 is the period between pulses and 𝑓 is the repetition frequency. 
For most measurements a pulse width of 500 ns at 10 kHz provided sufficient optical power with 
negligible heating effects. Where necessary the duty cycle was reduced to ensure that the operating 
temperature of the device matched the heat sink temperature. The choice of voltage source depends on 
the injection level required to reach lasing. The Avtech 10011B1 was suitable for most experiments and 
could supply square pulses up to 100 V. If greater injection currents were required, such as in high 
temperature measurements, the Avtech 10011B2 could provide pulses up to 500 V. 
 𝑑𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 =
𝑤
𝑇
= 𝑤𝑓 (3.1) 
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The voltage drop across the laser circuit was measured using a Tektronix TDS3052 oscilloscope. The 
circuit current was measured by a current probe (BNC6040+202H) connected to a second TDS3052 
oscilloscope through a 50 Ω load. Both oscilloscopes were triggered from the TTL output of the pulse 
generator (gold lines in Figure 4.1).  
The laser circuit consists of the device connected in series to a 47 Ω resistor. Since under forward bias 
the laser diode has an impendence of about 2-3 Ω, the laser circuit should be impedance matched to the 
50 Ω BNC cables and mains. The laser circuit is mounted within the appropriate system such as the 
probe station, cryostat or pressure cell, and the facet emission is focused through a lens onto a detector. 
The specific optics or detector will vary depending on the details of the device being measured. For 
emissions in the mid-infrared calcium fluoride (CaF2) optics with a liquid nitrogen (L-N2) cooled InSb 
detector (Infrared Associates) provided good optical properties (Appendix E). The output of the InSb 
detector was coupled to a lockin amplifier which locks on to a signal with a frequency matching that of 
the reference or triggering frequency. This has the advantage of isolating a signal from a noisy 
background. The experimental setup was controlled using bespoke in-house LabView software. 
Communication between the various modules and LabView was achieved with GPIB cables and a 
GPIB/USB IEEE488 interface bus (blue lines). 
The facet emission above threshold could be spectrally resolved using fibre coupled grating 
spectrometers. For mid-infrared wavelengths, two NIRQuest512 TE-cooled OceanOptics spectrometers 
covered the wavelength range between 1.7 µm – 1.9 µm and 1.8 µm – 2.4 µm with 2 nm resolution. 
For mid-infrared wavelengths outside this range, and for spectral measurements of the spontaneous 
emission, the ThermoFisher Nicolet iS50 FTIR, was employed with 0.4 nm resolution. The FTIR 
spectrometer has a wide spectral range from the UV to far-infrared and can be used in conjunction with 
a lockin amplifier and external detector. With the FTIR an arrangement of parabolic mirrors was utilised 
to collimate and focus the facet or spontaneous emission. 
3.1.1 Laser Clip and Mounting 
In order to characterise the optical and electrical properties of the laser it must be biased across the n 
and p-side contacts. Three different mounting systems were used in this work depending on the 
geometry of the device and the nature of the experiment. Characterisation under ambient conditions 
could be performed using a probe station. The probe station consists of a copper base plate which acts 
simultaneously as both an electrical contact and heat sink. The second electrical contact is made by steel 
probe needles which are controlled by an xyz-adjustable probe arm with a magnetic base. The use of 
multiple probes allows contacted to be made at several points along a device. This can be useful for 
diagnostic work and is essential for segmented gain and loss measurements. For temperature or pressure 
measurements, edge emitting laser chips with top and bottom contacts were mounted using a laser clip 
(Figure 3.2). The laser clip-mount consists of a copper clip separated from a conducting base plate by 
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an insulating spacer. The arm of the clip acts like a spring, securing the device in place. The clip arm is 
lifted using a lever to load or release the laser chips. The device is typically loaded p-side up with the 
base plate providing the n-contact while also serving as a heat sink. For spontaneous emission 
measurements, a 5 mm diameter section of the base can be replaced with a brass bush acting as a sleeve 
for the optical fibre. The fibre is inserted through a 0.5 mm aperture in the bush, providing optical access 
to the window milled in the substrate contact of the laser chip. 
 
Figure 3.2: (a) schematic of the laser clip mount (b) photograph of the laser clip used in the closed cycle cryostat. 
For some devices the laser clip was not suitable. If the device emitted vertically, or required multiple 
top contacts then they were mounted onto transistor outline (TO) headers. The TO headers have three 
pin legs, one integral to the base of the header and the other two provided isolated top contacts. 
Electrical contact between the device and the base of the TO header was provided by silver DAG or 
silver epoxy paste (Armeco-Bond 525). Alternatively, if only thermal contact was required then a 
thermoconductive epoxy was used as an adhesive. Top contact was made between the isolated pins and 
the device using a ball gold wire bonder (K&S-Model 4124). 
3.2 Temperature Measurements 
Essential to laser applications are the wavelength and performance stability of the device. Both 
requirements pose a significant challenge for semiconductor lasers which uncooled can experience a 
wide range of operating temperatures. These include natural temperature variations in the weather, self-
heating within the device and any neighbouring electronics. Self-heating can be due to resistive heating 
or through non-radiative mechanisms. These issues are especially problematic in high-power lasers 
(which require a large driving current), or in devices with a significant non-radiative component. If the 
laser is also proximal to other electronic systems then these can appreciably raise the ambient 
temperature. This for example is the case in data servers where the electronics are actively cooled to 
temperatures < 800C. The temperature effects the stability of a laser in at least two important ways: 
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(1) temperature alters the atomic spacing within the lattice which modifies material properties such as 
the bandgap and effective mass. Consequently, emission energies will tend to be strongly dependent on 
the temperature. (2) The temperature of the device determines both the carrier density and their 
energetic distribution. This has a considerable effect on the performance of a laser, effecting properties 
such as the gain, optical losses and lifetimes of the various recombination mechanisms. 
3.2.1 Methodology 
For the temperature measurements, the experimental setup is identical to that described in Section 3.1, 
but the device is mounted within a cryostat. Two types of cryostats were used in this work; a liquid 
nitrogen gas exchange cryostat and a closed cycle cryostat. 
The gas exchange cryostat (Figure 3.3) can reach temperatures between 80K – 450 K and consists of 
an inner and outer chamber separated by a liquid nitrogen reservoir. The cryostat arm (on which the 
sample is mounted) is loaded into the inner chamber. The chamber is then evacuated to remove any 
vapour which could condense at cryogenic temperatures. This is essential as condensation on the facets 
will alter the mirror reflectivity and therefore the conditions for threshold and the differential efficiency. 
Finally, the inner chamber is filled with dry helium gas. This exchange gas provides thermal contact 
with the device. The liquid nitrogen reservoir is filled through a nitrogen feed and interacts with the 
exchange gas at the heat exchanger. 
Temperature regulation is achieved using an electrical heater coil which can counteract the cooling 
effects of the liquid nitrogen. The outer chamber is evacuated using a rotary and turbo pump to isolate 
the liquid nitrogen reservoirs and heat exchanger from the surroundings. Facet emission is collected 
through CaF2 windows near the base of the cryostat. For spontaneous emission measurements a 
chalcogenide fibre was passed through a hollow cryostat arm and integrated into the base of the laser 
clip (Figure 3.3b). 
Between each change in temperature there was a wait time of 10 minutes to allow the device to reach 
thermal equilibrium with the exchange gas. Several measurements were then made at each temperature, 
and the consistency between repeat runs confirmed that the device temperature was stable. Additionally, 
the duty cycle at each temperature was selected so that a lower duty cycle made no difference to the 
measured threshold current, while maintaining sufficient emission power. This ensured that self-heating 
did not obscure the actual temperature dependence of the threshold current density. This became 
especially important at temperatures > 300 K where 𝑇0 was generally very low, and the current densities 
very high (on the order of 1 A/cm2). 
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Figure 3.3: (a) schematic of the gas exchange cryostat. The sample is inserted within the central chamber which 
is filled with dry nitrogen gas. Temperature is controlled at the heat exchanger by a heater coil and liquid 
nitrogen. (b) a schematic of the top of the cryostat arm used for measuring spontaneous emission. 
The second cryostat used in this work is the closed cycle helium cryostat (Figure 3.4). The operation of 
the closed cycle cryostat is analogous to a domestic freezer. A compressor pressurises helium into a 
liquid state and is pumped into the cold head of the cryostat. The helium then evaporates, and this rapid 
expansion extracts heat from the cold finger. The gas is then returned to the compressor where it is 
recompressed. The device mount and a heater coil are fixed to the end of the cold finger in the cryostat 
cavity. The cryostat chamber is held under vacuum to avoid condensation and thermal contact with the 
surroundings. A thermocouple placed under the base plate of the laser clip monitors the temperature. 
The operating temperature for the closed cycle cryostat is between 20K – 300K. Electrical contacts and 
optical fibres are feed into the cryostat through vacuum seals. In the closed cycle cryostat, an optical 
fibre could be positioned in the base plate, underneath the device to measure spontaneous emission. 
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Figure 3.4: a schematic of the closed cycle helium cryostat. Helium decompression at the cooling head lowers 
the temperature of the cold finger. The temperature is regulated by a heater coil near the device, and the 
temperature is measured by a silicon thermocouple. Facet emission can be collected through a quartz or CaF2, 
window and spontaneous emission is collected via a silica fibre. 
3.3 Hydrostatic Pressure Measurements 
Hydrostatic pressure compresses a sample equally in all three dimensions. This reversible process 
modifies the atomic spacing whilst preserving crystal symmetries. As discussed in Section 2.8, the 
lattice constant of the crystal effects the band structure. The application of high hydrostatic pressure 
therefore allows us to investigate band gap dependent mechanisms independently of temperature. This 
represents an important difference compared to temperature measurements, since temperature will also 
modify the thermal distribution of carriers. Used in conjunction, temperature and hydrostatic pressure 
are extremely powerful characterisation tools. 
The effect of hydrostatic pressure on the band structure is characterised by pressure coefficients. These 
measure the relative change in the band gap referenced from the top of the valence band (Figure 3.5a). 
Early high-pressure studies on III-V and II-VI materials found that semiconductors responded in a 
similar way to pressure. This observation led to the formulation of the Empirical Rule where [241]: 
 “Independent of the family member studied, the pressure coefficient of the direct 
energy gap at Γ falls in the range 10-15 meV/kbar, that of the indirect gap at L near 
5 meV/kbar, and that of the indirect gap at X between -1 and -2 meV/kbar.” 
Since the pressure coefficients at key symmetry points are approximately the same across a 
wide range of materials, hydrostatic pressure can tune the emission wavelength of a device 
while preserving the key aspects of the heterostructure, such as the band offsets. The bandgap 
dependence of different recombination mechanisms will be central to the analysis of the 
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efficiency limiting mechanisms in the type-I mid-infrared lasers discussed in Chapters 4 and 
5. The significant difference in the pressure coefficients of the conduction band valleys is also 
an important property and is the basis of the bandgap characterisation of the GeSn alloy 
discussed in Chapter 6. 
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Figure 3.5: (a) movement of the conduction band critical points due to hydrostatic pressure relative to the top of 
the valence band; values are representative for many III-V and group-IV materials. (b) bulk modulus as a function 
of lattice constant for common binary and elemental materials, values taken from [242] and the solid red line 
plots the empirical fit proposed in [243]. The RHS y-axis shows the relative change in the lattice constant with 10 
kbar of applied strain. 
The bulk modulus (related to compressibility) of various III-V and group-IV materials are shown in 
Figure 3.5b, as a function of the lattice constant. For even relatively soft materials such as InSb, 10 kbar 
of applied pressure changes the lattice constant by less than 1%. This modest change in the lattice 
spacing is however enough to cause a change in the Γ-point energy typically greater than 100 meV. In 
addition to the movement of the critical points there is also a change in the dispersion with pressure. 
The conduction band effective mass at the Γ-point  scales approximately in proportion to the bandgap, 
in accordance with k.p theory, while the heavy hole mass and electron masses around L and X are 
relatively insensitive to pressure and typically neglected [244]. 
Due to the different bulk moduli of the various III-V materials, hydrostatic pressure will have some 
effect on the in-plane strain, but this is generally negligible. Since there is a relationship between the 
lattice constant and bulk modulus, most epilayers will tend to have similar compressive properties to 
that of the substrate. To give a practical example, consider the 2.9 μm laser investigated in Chapter 4. 
The active region consist of a Ga(0.57)InAs(0.18)Sb quantum well which is 1.395% compressively 
strained relative to the GaSb substrate. Assuming linear interpolations of the bulk modulus and the 
lattice constant, the in-plane strain of the quantum well relative to the substrate is 1.382%, (~1% relative 
difference) at 10 kbar. Moreover, the application of high hydrostatic pressure is completely reversible 
indicating that there is no pressure induced strain relaxation even in the thick cladding and SCH layers. 
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3.3.1 Methodology 
High hydrostatic pressure was applied using the Unipress U11 pressure system (Figure 3.6). This system 
consists of a three-stage compressor and a copper-beryllium (CuBe) pressure cell. The cell (Figure 3.7) 
has a cylindrically hollowed out centre which accommodates the device mount and sapphire window. 
These two components are each fixed onto a CuBe plug. The bevelled edge of the plug expands a brass 
O-ring when the system is pressurised, sealing the pressure cell. The compression medium is helium 
gas which is injected through a sealed entrance port at the top of the pressure cell. The helium gas is 
compressed by a three-stage piston system which restricts the gas into a progressively smaller volume. 
The force to push the pistons is provided by pumping hydraulic oil under the piston arm. After each 
piston has pushed the helium from the chamber, the chamber is sealed off, and the piston lowered. 
Helium is an excellent pressure medium in the mid-infrared, as the refractive index 𝑛 ≈ 1 and is largely 
insensitive to pressure.  
 
 
Figure 3.6: a schematic of the three-stage helium compression system (UniPress). Helium gas is injected from 
the right filling all three stages and the pressure cell. Hydraulic oil injection raises the pistons, compressing the 
gas. The reduced volume is maintained by shutting valves between the first and second stages. 
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Figure 3.7: a schematic of the CuBe high pressure cell. Optical access is provided by the sapphire window and 
the cell is capable of tolerating pressures in excess of 15 kbar. (Figure created by Dr Shirong Jin.) 
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4.1 Introduction 
The mid-infrared spectral region (2 μm−20 μm) has attracted considerable scientific interest due to the 
prevalence of characteristic roto-vibrational modes for various chemical species. The mid-infrared laser 
is a key component for compact and scalable mid-infrared absorption spectroscopy. Developments in 
material quality and structural design over several decades have established the GaSb type-I active 
region as the most competitive semiconductor laser system in the 2 µm−3 µm spectral range. However, 
the threshold current density of type-I devices remains subject to a high degree of temperature 
sensitivity. In addition, the threshold current density increases rapidly with increasing wavelength. 
Understanding the mechanisms which limit the efficiency and temperature stability of type-I lasers is 
critical for the development of application grade devices – and is the subject of this chapter. 
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In this work we investigate the recombination dynamics occurring in type-I lasers operating between 
2.16 µm−2.9 µm through a combination of temperature and hydrostatic pressure techniques. Our results 
indicate that Auger recombination is the predominant cause for the dramatic increase in the threshold 
current density with increasing temperature and wavelength. Furthermore, the magnitude of the Auger 
recombination coefficient appears to be an intrinsic property of the quantum well band structure. We 
identify two important regimes in the wavelength range studied in this work. At wavelengths < 2 μm 
CHSH recombination is dominant. In the CHSH process the energy released from an electron hole 
recombination (CH-) excites an electron from the spin-orbit split-off band into the heavy hole band (-
SH). At wavelengths > 2 μm the CHSH process is effectively suppressed and another Auger mechanism 
begins to dominate. 
4.2 Type-I Lasers 
In the type-I quantum well (QW) geometry, electrons and holes are confined within the same material 
layer [245]. The emission energy is therefore principally determined by the band gap of the quantum 
well material and the electron and hole confinement energies. Type-I lasers can access mid-infrared 
wavelengths using the antimonide (III-V-Sb) material system. This family of materials refers to all III-
V zinc-blend alloys approximately lattice matched to GaSb (with a lattice constant of 6.095 Å at 300 
K) [142]. Typically, the quantum well is composed of GaInAsSb, with AlGaAsSb barrier, separate-
confinement-heterostructure (SCH), and cladding layers. High performance GaInAsSb/GaSb lasers 
have reported watt-level output powers up to 2.5 μm [89], [91], [143], [246] and hundreds of milli-watts 
at wavelengths above 3 μm [247]. Currently, the longest wavelengths accessible to type-I GaInAsSb, 
lasers operating at room temperature, are 3.44 µm in continuous wave mode [248] and 3.73 µm in 
pulsed mode [99]. These devices were grown by Stony Brook University and the Technische Universität 
Munchen respectively. 
The wavelength range of type-I GaSb lasers overlaps with strong absorption features from a number of 
molecules such as CO2 (2.05 μm), NH3 (2.1 μm), CO (2.3 μm), HF (2.5 μm), H2O isotopologues (2.65 
μm), Thyroxine (2.8 μm), Acetylene (3.03 μm), Methane (3.3 μm) and Formaldehyde (3.5 μm) [249]–
[251]. In addition, the atmospheric windows from 2-2.3 μm and 3-5 μm are attractive for environmental 
monitoring, free space communication [252] and defence counter measures [253], [254] 
The threshold current densities for a selection of the highest performing mid-infrared type-I lasers are 
presented in Figure 4.1a. For lasing wavelengths between 2.05-2.65, μm the measured room 
temperature threshold current densities are lower than 100 A/cm2 and less than 200 A/cm2 for 
wavelengths up to 3 μm. These are among the lowest threshold current densities for edge emitting 
semiconductor lasers reported at any wavelength [5]. However, the threshold current density of type-I 
devices remains subject to a high degree of temperature sensitivity. 
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The stability of the threshold current to temperature is described by the characteristic temperature, T0, 
which is defined as the temperature increment required to increase the threshold current by a factor 𝑒 
(Euler’s number) [255]. A higher T0 therefore indicates greater temperature stability. The characteristic 
temperature of some of the highest room temperature T0 lasers is presented in Figure 4.1b. Despite 
substantial differences in various device parameters (such as the number of quantum wells, band offsets, 
strain etc.), in general T0 decreases with wavelength. The T0 values are typically in excess of 100 K at 
the short wavelength edge of the mid-infrared but fall below 50 K beyond 3 𝜇m. As a comparison, GaAs 
lasers operating around 1 μm have characteristic temperatures > 200 K [256]–[258]. T0 is also sensitive 
to the heterostructure design and as we shall discuss subsequently in this chapter, is itself strongly 
temperature dependent. 
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Figure 4.1: (a) Threshold current densities with compressive strain values for room temperature lasers operating 
in the 2-4 μm spectral range [90], [93], [263], [264], [95], [97]–[99], [259]–[262]. Solid markers indicate 
measured Jth values and open markers correspond to Jth extrapolated to infinite cavity lengths. (b) characteristic 
temperature of some of the highest T0 type-I diode lasers [90], [91], [259], [261]–[269], [93], [270]–[278], [94], 
[95], [98], [99], [143], [144], [248], the solid line is a guide to the eye. Parameters are measured around room 
temperature. Note that some additional variation will be introduced due to different device geometries, 
operational conditions such as duty cycle, facet coatings etc. It should also be remarked that the lowest threshold 
current lasers are not necessarily those with the highest T0 values. 
The performance limitations and restricted spectral coverage of type-I mid-infrared lasers can be 
attributed to number of factors. For example, epitaxial growth becomes more challenging at longer 
wavelengths due to the miscibility gaps within the GaInAsSb and AlGaInAsSb alloys, impacting crystal 
quality [279]. The optical confinement factor, defined as the overlap between the optical mode and 
quantum well layers, also tends to decrease with increasing wavelength, reducing the modal gain and 
increasing optical losses in the cladding layers [280]. The effect of this can however be mitigated 
through careful design of the waveguiding layers [237], [263]. 
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Another important consideration is carrier leakage. In type-I mid-infrared lasers, carrier leakage occurs 
mainly through the valence band due to the small valence band offset between the quantum well and 
barrier layers [281]. To access longer wavelengths with sustainable levels of strain, the In and As 
compositions in the GaInAsSb alloy are increased. This reduces the band gap but also has the effect of 
energetically lowering the valence band, and consequently reduces the valence band offset [282]. 
Insufficient hole confinement can both enhance carrier leakage and reduce the differential gain [283]. 
There are several strategies to augment the valence band offset. Increasing the Al and As composition 
in the AlGaAsSb barriers provides greater carrier confinement but at the expense of refractive index 
contrast with the cladding layers; sacrificing optical confinement and increasing optical loss [284]. A 
large conduction band offset may also compromise the uniformity of carrier occupation in multiple 
quantum well active regions [285]. 
An alternative strategy is to increase the compressive strain of the quantum well. As detailed in Figure 
4.1a, lasers in this wavelength range typically have strain levels between 1.5%-2.0%. Beyond a critical 
strain-thickness product, roughening and relaxation will occur; and even below this limit, high strain 
levels can deteriorate material quality. One approach to increase the levels of strain in the GaInAsSb 
layer is to reduce the growth temperature which suppresses indium segregation. Using this technique 
Sifferman et al. achieved compressive strains of 2.45% with significantly improved photoluminescence 
around 3.4 μm compared to a 2.13% compressively strained sample [284]. Further improvements in 
crystalline quality for strained layers have also been demonstrated using bismuth as a surfactant, with 
improved photoluminescence intensity in 2.8% compressively strained layers [284], [286].In addition 
to the augmentation of the valence band offset, strain engineering is an important pathway for improved 
device performance (Section 2.8). However, research efforts for highly strained quantum wells in the 
mid-infrared is still at a nascent stage. For long wavelength type-I mid-infrared lasers, AlGaInAsSb 
quinternary barriers have been widely adopted [99], [248]. The increased material complexity (through 
the addition of In) provides an extra degree of freedom in the alloy; augmenting the valence band offset  
while providing sufficient optical confinement and suitable conduction band offsets [274], [281], [287]. 
Improvements in carrier confinement has been the main pathway in achieving room temperature and 
continuous wave operation significantly above 3 μm. However, despite these interventions, carrier 
leakage has been identified as a major contributor to the temperature instability and wavelength 
degradation of the threshold current in GaInAsSb devices, with reports of it exceeding Auger 
recombination as the dominant non-radiative channel [272], [288]. 
Auger recombination is expected to increase approximately exponentially with both temperature and 
wavelength and has also been implicated in a number of studies as a significant factor limiting the 
performance of type-I lasers [289]–[291]. However, there is no clear consensus in the literature as to 
the nature of the dominant Auger mechanism which operates in type-I mid-infrared interband lasers. 
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4.3 Laser Hetrostructures 
In this chapter we investigate type-I mid-infrared lasers fabricated by the Amann group at the 
Technische Universität Munchen (TUM). The laser heterostructures were grown using solid source 
molecular beam epitaxy on an n-type doped GaSb substrate. The band alignment of the active region 
and adjacent layers is presented in Figure 4.2. Four device structures are studied in this work operating 
with room temperature lasing peaks at 2.16 µm, 2.35 µm, 2.65 µm and 2.90 µm. A summary of the 
active region parameters is given in Table 4.1. 
PARAMETER 2.16 μM LASER 2.35 μM LASER 2.65 μM LASER 2.90 μM LASER 
No. of QWs 1 2 1 3 
QW Composition Ga0.67InAs0.08Sb Ga0.62InAs0.10Sb Ga0.57InAs0.14Sb Ga0.57InAs0.18Sb 
QW Width 15 nm 11 nm 15 nm 10 nm 
Barrier Composition GaSb Al0.33GaAs0.06Sb GaSb Al0.16Ga0.61InAs0.22Sb 
Barrier Width - 8 nm - 10 nm 
∆𝐸𝑐 179 meV 451 meV 308 meV 147 meV 
∆𝐸𝑣  52 meV 174 meV 40 meV 71 meV 
∆𝑆𝑂 737 meV 724 meV 681 meV 615 meV
† 
𝐸𝑐0 30 meV 52 meV 34 meV 65 meV 
𝐸𝑣0 3 meV 6 meV 3 meV 7 meV 
QW Strain 1.50% 1.65% 1.67% 1.41% 
Table 4.1: summary of active region parameters for the devices studied in this section. Calculations were 
performed using nextnano++ with parameters taken from [238].∆𝑬𝒊 refers to the offset between the ground state 
confinement energy and the barrier and 𝑬𝒊𝟎 to the ground state confinement energy. 
†due to uncertainties in the 
literature for the spin-orbit split-off energy in the AlGaInAsSb material system the quoted value is measured from 
the band edge of the heavy hole and spin-orbit bands and is likely to be an underestimation. 
Each device utilises Al0.50GaAs0.04Sb cladding layers. The AlGaAsSb material system can provide wide 
band gaps with a low refractive index, aiding carrier and optical confinement. However, this also 
introduces high heterointerface barriers (>400 meV) at the GaSb/AlGaAsSb interface. The issues of an 
abrupt interface can be mitigated using graded or super-lattice layers, leading to a reduction of the 
specific resistance [292]. In each device, a digital superlattice consisting of four AlGaSb 3 nm layers 
was used, with increasing Al content from the GaSb- to the AlGaAsSb-layers or conversely, increasing 
Ga content from the AlGaAsSb- to the GaSb layers. 
The type-I diode lasers studied in this section employed either GaSb, AlGaAsSb or AlGaInAsSb 
barriers. The choice of barrier material involves a compromise between several competing design 
considerations [293]. AlGaAsSb barriers offer a greater valence band offset compared to GaSb, which 
may be important for suppressing hole leakage. However, the high conduction band offsets can lead to 
non-uniformity in the carrier distribution within multiple quantum well (MQW) active regions [284]. 
Additionally, AlGaAsSb has a lower thermal conductivity, than GaSb and tends to decrease with 
increasing Al content for lattice matched AlGaAsSb [294]. High heat resistivities can inhibit efficient 
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heat dissipation from the active region [295]. This increases the device temperature relative to the heat 
sink, especially under continuous wave operation, deteriorates almost every metric of device 
performance and reduces the maximum operating temperature. 
In the 2.16 µm laser, the active region consists of a single 15 nm Ga0.67InAs0.08Sb quantum well. The 
quantum well is 1.50% compressively strained and grown between 8.5 nm GaSb barriers followed by 
a 400 nm unintentionally doped Al0.10GaAs0.10Sb separate confinement heterostructure. 
The 2.35 μm laser active region comprises two Ga0.62InAs0.10Sb quantum wells under 1.65% 
compressive strain, which are separated by 11 nm lattice matched Al0.33GaAs0.06Sb barriers. The 
confinement and waveguiding heterostructures consist of GaSb and Al0.50GaAs0.04Sb layers. A similar 
active region was used in VCSELs fabricated by the same group [296]. 
The 2.65 μm laser utilises a single 15 nm Ga0.57InAs0.14Sb quantum well with around 1.67% compressive 
strain. The remaining heterostructure is nominally the same as the 2.16 μm device with GaSb barriers 
and a Al0.10GaAs0.10Sb separate confinement heterostructure [261]. 
The active region of the 2.90 µm devices is composed of three 10 nm Ga0.57InAs0.18Sb quantum wells 
under 1.41% compressive strain [94]. The quantum wells are separated by 10 nm Al0.16Ga0.61InAs0.22Sb 
quinternary barriers and the active region is grown between 275 nm Al0.20GaAs0.02Sb layers acting as a 
separate confinement layer and waveguide. 
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Figure 4.2: band alignment and confined states of the lasers studied in this section. The Γ-point band edge of the 
conduction band (black line), heavy hole band (red line) and light hole band (blue line) are presented. Simulations 
were performed using nextnano++ software with parameters taken from [238]. The room temperature emission 
wavelengths and samples numbers are (a) 2.16 µm (#A2298), (b) 2.35 µm (#A7172), (c) 2.65 µm (#A2191) and 
(d) 2.90 µm (#A2615). Figure b illustrates the grading superlattice that is introduced between the GaSb and 
AlGaAsSb layers in each structure. 
4.4 Temperature Characteristics of the Threshold Current 
For application grade performance, mid-infrared semiconductor lasers should ideally exhibit low 
threshold current densities and stable performance over the operational temperature range. These 
parameters impact the overall efficiency and reliability of the laser component. However, an 
exponential increase in the threshold current density is typically observed with increasing temperature. 
In the literature this degradation in performance has been variously ascribed to non-radiative Auger 
recombination, carrier leakage and optical loss processes such as inter-valence band absorption (IVBA) 
or free carrier absorption. Since the different recombination and loss channels often have a distinct 
temperature dependence, the temperature characteristics of the laser can provide critical insight into 
each of the mechanisms which limit device performance. 
As detailed in Section 3.2, the measurements were performed using a closed cycle cryostat and a static 
gas exchange liquid-nitrogen (N2) cryostat. Devices were driven in pulsed mode to mitigate internal 
heating effects which would otherwise obscure the threshold-temperature dependence. In addition, at 
each temperature the light-current (LI) dependence was measured at multiple duty cycles to ensure that 
there was no shift in the LI curve due to internal heating. Measurements were typically performed using 
a 0.05% duty cycle (1kHz, 500 ns pulse width), but this was decreased successively for higher 
temperature operation > 300 K where necessary. The threshold current density-temperature dependence 
of the four wavelength lasers is presented in Figure 4.3, up to their maximum operating temperature. 
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For each wavelength device the threshold current increases with approximately an exponential 
dependence. This may be described by the characteristic temperature T0, 
 
𝐽𝑡ℎ(𝑇) = 𝐽0 exp (
∆𝑇
𝑇0
) (4.1) 
where 𝐽0 is the reference threshold current density and ∆𝑇 is the temperature increment between 𝐽𝑡ℎ and 
𝐽0. As defined in equation 4.1, 𝑇0 is the temperature change required to increase the threshold current 
density by a factor 𝑒. In general, the characteristic temperature is itself temperature dependent. 
However, over a small temperature range we can define a value for 𝑇0, 
 1
𝑇0
=
1
𝐽𝑡ℎ
𝑑𝐽𝑡ℎ
𝑑𝑇
=
𝑑 ln(𝐽𝑡ℎ)
𝑑𝑇
 (4.2) 
The characteristic temperature across a range of temperatures is shown in Figure 4.3. Not only is T0 
revealed to be strongly temperature sensitive, but, beyond room temperature the T0 value typically tends 
to decrease with increasing temperature. That is, the threshold current density becomes more 
temperature sensitive with increasing temperature. 
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Figure 4.3: the temperature dependence of the threshold current density, Jth, for the (a) 2.16 μm, (b) 2.35 μm, (c) 
2.65 μm and (d) 2.90 μm lasers. Two LIs were measured at each temperature and the average threshold is 
presented. The different marker symbols correspond to different laser chips from the same bar. 
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4.4.1 Temperature Dependence of T0 
With reference to the conventional ABC model (Section 2.7) we can see that the temperature 
dependence of each recombination pathway is determined by the temperature dependence of the 
associated coefficient, Λ, and the carrier density, 𝑛. For each recombination process we can write its 
contribution to the threshold current density as, 
 𝐽𝑡ℎ = Λ(𝑇) ∙ 𝑛𝑡ℎ
𝑍 (𝑇) (4.3) 
where 𝑍 is the carrier density power dependence for a given recombination channel and 𝑛𝑡ℎ is the 
threshold carrier density, assuming that the electron and hole population are equivalent. 
Using the logarithmic relationship between the gain and carrier density (Section 2.5.1) we can write, 
 
𝐽𝑡ℎ = Λ(𝑇) ∙ 𝑛𝑡𝑟
𝑍 (𝑇) exp {
𝑍
Γ𝑔0(𝑇)
[𝛼𝑖(𝑇) + 𝛼𝑚]} (4.4) 
where 𝑛𝑡𝑟 is the transparency carrier density, Γ is the optical confinement factor, 𝑔0 is the gain 
parameter, 𝛼𝑖 is the internal loss and 𝛼𝑚 is the mirror loss. Further detail about these terms can be found 
in Chapter 2. 
Substituting into equation 4.2 we can derive a general expression for the characteristic temperature of 
a given recombination channel, 
 
𝑇0(𝐽𝑡ℎ) =
𝑇
𝑍 ∙ 𝑇
𝑇0(𝑛𝑡𝑟)
+
𝑇
𝑇0(Λ)
+
𝑍 ∙ 𝑇
Γ𝑔0
[
𝑑𝛼𝑖
𝑑𝑇 −
(𝛼𝑖 + 𝛼𝑚)
𝑇0(𝑔0)
]
 
(4.5) 
where, 
 1
𝑇0(𝑛𝑡𝑟)
=
1
𝑛𝑡𝑟
𝑑𝑛𝑡𝑟
𝑑𝑇
,     
1
𝑇0(Λ)
=
1
Λ
𝑑Λ
𝑑𝑇
,     
1
𝑇0(𝑔0)
=
1
𝑔0
𝑑𝑔0
𝑑𝑇
 (4.6) 
With the approximation of parabolic bands, single sub-band occupancy and Boltzmann statistics then 
the carrier density at transparency is proportional to the temperature, 𝑇. Additional contributions to the 
temperature dependence of 𝑛𝑡𝑟 such as non-parabolicity, multiple subbands etc. can be accounted for 
using a non-ideality parameter, 𝑥, such that the transparent carrier density is given by, 
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Thus, the characteristic temperature associated with the transparency carrier density is given by, 
Having established a framework for the temperature dependence of the transparency carrier density we 
can then consider the contribution of each recombination channel to the threshold current density, and 
its temperature dependence. 
Combining the model discussed in Section 2.7.1 with equations 4.5-4.8, the characteristic temperature 
due to monomolecular defect-related recombination is, 
where the (3/2 + 𝑥) term comes from the temperature dependence of the transparency carrier density, 
𝑛𝑡𝑟 ∝ 𝑇
1+𝑥, and the thermal carrier velocity which gives the 𝑇1/2 dependence in the SRH coefficient. 
The remaining terms in the denominator account for any temperature dependence in the capture 
coefficient, 𝜎, internal loss 𝛼𝑖 and the gain parameter, 𝑔0. 
Assuming the two-band Boltzmann model, the bimolecular radiative coefficient 𝐵 ∝ 𝑇−1 and 𝑍𝑅𝑎𝑑 =
2. Thus, the characteristic temperature associated with radiative recombination is, 
 
𝑇0(𝑅𝑎𝑑) =
𝑇
1 + 2𝑥 +
2𝑇
Γ𝑔0
[
𝑑𝛼𝑖
𝑑𝑇 −
(𝛼𝑖 + 𝛼𝑚)
𝑇0(𝑔0)
]
 
(4.10) 
Finally, for an activated Auger process where the coefficient, 𝐶 ∝ exp(−𝐸𝑎/𝑘𝑇) and 𝑍𝐴𝑢𝑔𝑒𝑟 = 3, the 
corresponding characteristic temperature is then, 
 
𝑇0(𝐴𝑢𝑔𝑒𝑟) =
𝑇
3 + 3𝑥 +
𝐸𝑎
𝑘𝑇 +
3𝑇
Γ𝑔0
[
𝑑𝛼𝑖
𝑑𝑇 −
(𝛼𝑖 + 𝛼𝑚)
𝑇0(𝑔0)
]
 
(4.11) 
 𝑛𝑡𝑟 = 𝑛0𝑇
1+𝑥 (4.7) 
 1
𝑇0(𝑛𝑡𝑟)
= (1 + 𝑥)𝑇−1 (4.8) 
 
𝑇0(𝐷𝑒𝑓) =
𝑇
3
2 + 𝑥 + 𝑇
1
𝜎
𝑑𝜎
𝑑𝑇 +
𝑇
Γ𝑔0
[
𝑑𝛼𝑖
𝑑𝑇 −
(𝛼𝑖 + 𝛼𝑚)
𝑇0(𝑔0)
]
 
(4.9) 
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It is important to note from equation 4.11, that a greater activation energy will reduce the probability of 
Auger recombination but will decrease the maximum value of T0 (increase the temperature sensitivity) 
in an Auger dominated laser. 
In the absence of a temperature dependent loss and gain parameter, the characteristic temperature for 
the recombination pathways in an ideal quantum well laser (𝑥 = 0) reduces to [297], [298]; 
 
𝑇0(𝐷𝑒𝑓) =
2
3
𝑇
 
 
 
𝑇0(𝑅𝑎𝑑) = 𝑇
 
𝑇0(𝐴𝑢𝑔𝑒𝑟) =
𝑇
3 + 𝐸𝑎/𝑘𝑇
 (4.12) 
The above set of equations give T0 for each process strictly within the Boltzmann framework and 
assuming further that the threshold gain condition and gain parameter is temperature insensitive. 
However, whatever the level of approximation, since the fractional contributions are additive, 𝐽𝑡ℎ =
(𝐹𝐷𝑒𝑓 + 𝐹𝑅𝑎𝑑 + 𝐹𝐴𝑢𝑔𝑒𝑟) ∙ 𝐽𝑡ℎ, we can relate their contributions to the characteristic temperature without 
a loss of generality as, 
 1
𝑇0(𝐽𝑡ℎ)
=
𝐹𝐷𝑒𝑓
𝑇0(𝐷𝑒𝑓)
+
𝐹𝑅𝑎𝑑
𝑇0(𝑅𝑎𝑑)
+
𝐹𝐴𝑢𝑔𝑒𝑟
𝑇0(𝐴𝑢𝑔𝑒𝑟)
 (4.13) 
Thus, by measuring the temperature dependence of the characteristic temperature we can gain insight 
into the temperature regimes in which the various recombination processes impact device performance.  
It is also important to account for the effects of carrier leakage, described in Section 2.7.4. The leakage 
current can be expanded as a power series of the quantum well carrier density. Additionally, the 
diffusion length will depend on the mobility and lifetime of the minority carriers, with each term 
potentially carrying a complex temperature dependence. Rather than construct an unwieldly or 
oversimplified expression, the effects of carrier leakage on the threshold current can be considered when 
encountered in specific measurements. However, as we shall see in the devices studied here the 
threshold current tends to be dominated by other processes. 
To illustrate the utility of the 𝑇0 analysis, consider an ideal device (𝑥 = 0) which is dominated by 
radiative recombination at lower temperatures and Auger recombination at higher temperatures. This 
hypothetical situation is modelled in Figure 4.4a. From low temperature, the characteristic temperature 
follows the line predicted by radiative recombination up to around 200 K. The characteristic temperature 
then falls rapidly, converging to the line predicted by Auger recombination. The temperature at which 
4. TYPE-I GaSb LASERS 
63 
𝑇0 departs from the radiative line is referred to as the break point temperature, as originally defined by 
Sweeney et al. [299]. In this model the thermally induced transition is characteristic of the high 
temperature sensitivity inherent to the activated Auger process. Figure 4.4b shows the corresponding 
fraction of the threshold current due to radiative and activated Auger recombination which is related to 
𝑇0(𝐽𝑡ℎ) through [298], 
 
𝑇0(𝐽𝑡ℎ) =
𝑇 (1 +
𝐹𝐴𝑢𝑔𝑒𝑟
𝐹𝑅𝑎𝑑
)
1 + 2𝑥 + (
𝐹𝐴𝑢𝑔𝑒𝑟
𝐹𝑅𝑎𝑑
) (
𝐸𝑎
𝑘𝑇 + 3 + 3𝑥)
 (4.14) 
Due to the high temperature sensitivity of the Auger threshold current, only a very small contribution 
from Auger recombination is required to cause the initial divergence from the radiative dependence. 
Under the conditions modelled in Figure 4.4, at the break point temperature 𝐹𝐴𝑢𝑔𝑒𝑟 ≈ 1%. 
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Figure 4.4: (a) modelled temperature dependence of T0(Jth) due to radiative and Auger recombination. The 
modelled Auger process is activated, where 𝑬𝒂 = 𝟔𝒌𝑻 at room temperature. The break point temperature TB 
marks the departure of the low temperature linear behaviour of T0. (b) shows the fractional contributions of 
radiative and Auger recombination to the total threshold current density. 
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Figure 4.5 presents the experimental T0 – temperature for the four wavelength lasers considered in this 
investigation. For each device, T0 was calculated across a 20 K and 40 K window, centred at each 10 K 
temperature increment. The pale grey lines show the simple theoretical temperature dependence of T0 
for the recombination channels, derived from equation 4.12. 
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Figure 4.5: the temperature dependence of the characteristic temperature, T0, for the (a) 2.16 μm, (b) 2.35 μm, 
(c) 2.65 μm and (d) 2.90 μm lasers. T0 was calculated using a 20 K or 40 K window represented by the transparent 
and opaque markers respectively. Measurements from different chips are indicated by different marker symbols. 
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The low temperature T0 dependence of the 2.16 μm laser closely follows 𝑇0 = 𝑇, in good agreement 
with the theoretical dependence of radiative recombination. This linear increase in T0 continues until 
around 192 K. Beyond this point T0 falls rapidly with an approximately linear dependence over the 
measured temperature range. The sharp and precipitous decline in T0 is indicative of the onset of a 
strongly temperature dependent recombination process. 
In the 2.35 μm laser we observe a similar form with T0 increasing linearly up until around 150 K, above 
which there is a sudden change in the T0 dependence and it decreases linearly with temperature. We 
should note however that below the break point temperature, the T0 temperature dependence is weaker 
than the 2.16 μm device and appears to be intermediate between the theoretical temperature dependence 
of radiative and defect-related recombination. Furthermore, the decline in T0 above the breakpoint 
temperature is much slower than that observed in the other devices. 
For the 2.65 μm laser the break point occurs roughly between 100 K – 150 K. At higher temperature 
we again observe a roughly linear decrease in T0 with increasing temperature up to approximately 300 
K. Beyond room temperature there is a sharp inflection, and T0 begins to increase with increasing 
temperature. 
The low temperature dependence of T0 in the 2.90 μm laser is largely obscured by a transient region of 
strong temperature stability, where |𝑇0| ≈ ∞. This may be due to the presence of inhomogeneities 
which have been found to induce similar behaviour in material systems such as GaInN or quantum dot 
lasers [300]. However, at higher temperatures, T0 again decreases with increasing temperature. There is 
also some evidence that approaching the maximum operating temperature, T0 begins to increase again 
but this could not be established over a large enough temperature range to be conclusive. 
The details of the T0 dependence is particular to each device wavelength and will be discussed further 
in Section 5.1, however, we can make some general observations at this stage. 
(1)    Above a certain temperature T0 decreases with increasing temperature. 
For each recombination process considered in Section 2.7, T0 increases monotonically with temperature. 
The decrease of T0 may therefore indicate a thermally induced transition between regimes where 
different recombination processes dominate. An alternative mechanism for this behaviour could also be 
an additional temperature dependent parameter, such as optical losses. 
(2)    At sufficiently high temperatures, 𝑇0 ≪ 𝑇/3. 
In each device the characteristic temperature falls well below the idealised theoretical dependence 
predicted of an unactivated Auger dominated device (𝑇0 = 𝑇/3) where, 𝐸𝑎 and 𝑥 = 0 and the gain and 
loss parameter are temperature insensitive. Therefore, if Auger recombination is dominant then at least 
one of these conditions cannot hold. Alternatively, an additional non-radiative process such as carrier 
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leakage could be invoked to explain the low T0 value. Having observed the general temperature 
characteristics of the threshold current density we can probe further by measuring the pure spontaneous 
emission of a laser device. In the next section we limit our attention to the 2.35 μm laser. 
4.5 Spontaneous Emission 
Measuring the current density and temperature dependence of the spontaneous emission intensity can 
indicate the carrier density dependence of the dominant recombination processes and yield quantitative 
information about the radiative component of the threshold current density. Spontaneous emission is 
measured through a window milled into the substrate contact of the laser chip. This is to ensure that the 
emission is not influenced by the effects of gain or loss through the laser cavity [301].  
Gain along the growth direction should be negligible as the path through the active region is of the order 
of the quantum well width (~10 nm per well). Absorption is also not expected to be significant as the 
wide band gap materials of the heterostructure and substrate are transparent to the spontaneous emission 
spectrum that originates from transitions within the quantum well. 
Another important experimental consideration is emission due to transitions between the conduction 
band and light hole valence band. As discussed in Section 2.8, the light hole valence band has 
predominantly 𝑝𝑧 symmetry near the zone centre. Spontaneous emission mediated by the light hole 
band will therefore be mainly polarized in the 𝑧 −direction and propagate perpendicular to the growth 
direction. Since spontaneous emission is measured through a window in the device contact, spontaneous 
emission from light hole transitions will be severely underestimated. According to nextnano++ 
simulations the heavy and light hole ground states are widely separated (≈5kT). Due to the low carrier 
occupancy, light hole transitions should therefore make only a very limited contribution to the radiative 
current in the compressively strained devices studied here. Consequently, the measured spontaneous 
emission intensity should be proportional to the radiative current density. This is a fundamental 
assumption for the analysis techniques employed in this section. 
The contact window is milled using a focused Ga or Xe ion beam. Windows are 50-100 μm in diameter 
depending on the stripe width of the device, and the depth is sufficient to remove the gold contact with 
minimal intrusion into the substrate layer (Figure 4.6a). After device processing, the threshold current 
is compared to the pre-processing value to ensure that the device performance is uncompromised and 
the characteristics of the device unchanged. Emission was measured by positioning the substrate 
window above either a silica or chalcogenide fibre (Figure 4.6b). The transmission spectra for the two 
fibres are shown in Appendix E. The free end of the fibre could then either be clamped in front of a 
detector to measure the intensity or coupled to a spectrometer to spectrally resolve the emission. 
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Figure 4.6: (a) SEM image of a window milled into the gold contact of the laser chip, exposing the GaSb material 
underneath. (b) schematic of the collection geometry used to measure the spontaneous emission from the laser 
the chip. 
The spontaneous emission intensity as a function of current is presented in Figure 4.7 with 
measurements taken at 10 K intervals between 80 K – 290 K. The open markers indicate the threshold 
current as determined from the facet emission LI characteristics. The inset shows the spectrally resolved 
emission measured above threshold. Crucially there is no evidence of scattered lasing or amplified 
emission. The measured intensity should therefore be pure spontaneous emission.  
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Figure 4.7: integrated spontaneous emission as a function of current for the 2.35 μm laser, measured between 
80-290 K. The open markers indicate threshold. The inset figure shows the spectrally resolved window emission 
measured at room temperature. Significantly there is no evidence of lasing or amplified emission. 
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We shall discuss the carrier dynamics in more detail in Section 4.5.2, however from Figure 4.7 we can 
see immediately that the 𝐿𝑠𝑝𝑜𝑛 is sublinear approaching room temperature. This indicates that that 
higher order processes such as Auger recombination or carrier leakage dominate at the operational 
temperatures of interest (> 270 K). 
To emphasise the difference in behaviour in the low and high temperature regimes Figure 4.8 plots the 
spontaneous emission intensity at 10 K intervals around the break point temperature and approaching 
room temperature. The 10 K increase in temperature between 140 K – 150 K (Figure 4.8a), does not 
produce any significant change in the spontaneous emission intensity across the entire current range, up 
to threshold (open markers). Conversely approaching room temperature (Figure 4.8b), a moderate 
increase in temperature produces an appreciable divergence between the two sublinear curves; 
indicating a high order recombination process that is itself strongly temperature sensitive. This 
behaviour is very similar to that observed in 1.3 μm and 1.5 μm devices [302]. It should be emphasised 
that the temperature insensitivity of the LI relationship is particular to the region immediately around 
the break point temperature. The fan-like structure in Figure 4.7 can be seen even at lower temperatures 
where a current increment is required to maintain a constant spontaneous emission intensity. 
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Figure 4.8: Integrated spontaneous emission as a function of current (a) just before the break point at 140 K and 
150 K. (b) and approaching room temperature at 280 K and 290 K. Open markers are at threshold. 
4.5.1 Radiative Current Density at Threshold 
The spontaneous emission measurements also allow us to make some assessment of the radiative 
contribution to threshold. Since efforts were made to keep the light collection geometry constant at each 
temperature, the temperature dependence of the spontaneous emission intensity measured at threshold 
should reflect that of the threshold radiative current. If at low temperature the threshold current density 
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is only from to radiative recombination, then the temperature dependence of the spontaneous emission 
intensity at threshold can be normalised to the low temperature threshold current density. This provides 
an estimate for the maximum contribution of radiative recombination to the threshold current across the 
measured temperature range. 
Figure 4.9a shows the total threshold current density (open circles) and the normalised spontaneous 
emission intensity at threshold (coloured markers). The green markers are from a temperature sweep 
using the closed cycle cryostat (CC) and silica fibre. The blue and purple markers are from a second 
laser chip fabricated on the same wafer measured in the gas exchange cryostat (GE) using a 
chalcogenide fibre. In all three experiments the emission intensity was measured with an InSb detector. 
Using the temperature dependence of the lasing emission spectrum as representative of the spontaneous 
emission spectra, the emission intensity at each temperature has also been corrected to account for the 
spectral response of the detector (Appendix E). 
Through the normalisation procedure (normalised here to the 80 K value) we can estimate an upper 
limit for the radiative current density at room temperature as approximately 30% of the total threshold 
current density. It should be emphasised again that if radiative recombination accounts for a lower 
fraction of the threshold current density at low temperatures, then its room temperature contribution 
will likewise be reduced. 
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Figure 4.9: the temperature dependence of (a) the total and radiative components of the threshold current density 
and (b) the characteristic temperature of the radiative current density at threshold. 
To analyse the temperature dependence of the radiative threshold current in more detail we calculate 
the corresponding characteristic temperature, as shown in Figure 4.9b. The lack of reproducibility at 
higher temperature cautions against over-interpretation of the T0 dependence above ~200 K, and it is 
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plausible that this is due to experimental issues related to the collection efficiency of the spontaneous 
emission. However up to 200 K, the measured T0(Jrad) is reproducible between two different 
experimental setups and laser chips and follows closely the T0 = T dependence predicted by simple 
theory. The linearity in T0(Jrad) has also been observed in several other studies [303]–[305]. 
4.5.2 Z-Analysis 
In addition to the distinct temperature characteristics of the various recombination pathways, knowledge 
about their carrier dependence can be used to access their contribution to the injected current density 
[306]. In the absence of carrier leakage, we can write the current density as, 
 𝐽 = 𝐴𝑛 + 𝐵𝑛2 + 𝐶𝑛3 ∝ 𝑛𝑍 (4.15) 
where 𝑍 gives the carrier dependence of the injected current. Rearranging for 𝑍, 
 
𝑍 =
𝑑 ln(𝐽)
𝑑 ln(𝑛)
=
𝑛
𝐽
𝑑𝐽
𝑑𝑛
 (4.16) 
Assuming that below threshold the spontaneous emission, 𝐿𝑠𝑝𝑜𝑛 ∝ 𝐵𝑛
2 and 𝐵 ≠ 𝐵(𝑛), we can replace 
the carrier density in the denominator of equation 4.16 with the square root of the spontaneous emission 
intensity, 
 
𝑍 =
𝑑 ln(𝐽)
𝑑 ln(𝑛)
=
𝑑 ln(𝐽)
𝑑 ln(√𝐿𝑠𝑝𝑜𝑛)
 (4.17) 
The Z-value can therefore be found by plotting the logarithm of the current density, 𝐽, against the 
logarithm of 𝐿𝑠𝑝𝑜𝑛
1/2
. Substituting equation 4.15 into 4.17 we can write, 
 
𝑍 =
𝐴𝑛 + 2𝐵𝑛2 + 3𝐶𝑛3
𝐽
=
𝐴𝑛 + 𝐵𝑛2 + 𝐶𝑛3 + (𝐵𝑛2 + 2𝐶𝑛3)
𝐽
 (4.18) 
Which reduces to, 
 
𝑍 = 1 +
𝐵𝑛2
𝐽
+ 2
𝐶𝑛3
𝐽
= 1 + 𝐹𝑅𝑎𝑑 + 2𝐹𝐴𝑢𝑔𝑒𝑟 (4.19) 
where 𝐹𝑃 is the fractional contribution of the corresponding process. 
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If any of the three main recombination pathways are dominant then 𝑍 ≈ 1, 2 or 3 is indictive of a device 
dominated by defect-related, radiative or Auger recombination respectively. However, since the 𝑍 value 
is determined by the relative fraction of each recombination channel, processes can couple to produce 
intermediate values. Z-values should therefore be interpreted cautiously as it is challenging, a-priori, to 
decouple contributions from processes operating simultaneously. For example, a value of 𝑍 = 2 could 
be due to approximately equal contributions from defect-related and Auger recombination with 
negligible radiative recombination. An additional confounding factor is the presence of carrier leakage 
which can imitate the power dependence of other processes and contribute to 𝑍-values > 3. 
As discussed in Section 2.7.5 the carrier density dependence of the different recombination pathways 
may also differ from the simple relationships derived within the two-band Boltzmann framework, 
𝐽𝑅𝑎𝑑 ∝ 𝑛
𝑍<2 and 𝐽𝐴𝑢𝑔𝑒𝑟 ∝ 𝑛
𝑍<3. We can write equation 4.19 more generally as, 
 
𝑍 =
𝛽
𝑍𝑅𝑎𝑑
[1 + (𝑍𝐷𝑒𝑓 − 1)𝐹𝐷𝑒𝑓 + (𝑍𝑅𝑎𝑑 − 1)𝐹𝑅𝑎𝑑 + (𝑍𝐴𝑢𝑔𝑒𝑟 − 1)𝐹𝐴𝑢𝑔𝑒𝑟] (4.20) 
where 𝑍𝐷𝑒𝑓 , 𝑍𝑅𝑎𝑑 and 𝑍𝐴𝑢𝑔𝑒𝑟 denote the true carrier power dependence for defect, radiative and Auger 
recombination respectively, and 𝛽(= 2) is the assumed power dependence of the radiative current. If 
𝛽 > 𝑍𝑅𝑎𝑑 then the measured 𝑍-values will be artificially high. Cognisant of the potential complexities 
of the Z-analysis we can now consider the experimental data. 
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Figure 4.10: Z-values calculated between 2/3 Jth and Jth as a function of temperature for the 2.35 μm laser. Green 
markers correspond to measurements in the closed cycle cryostat and the blue and purple markers to 
measurements in the gas exchange cryostat. 
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Figure 4.10 shows the Z-value measured between 2/3𝐽𝑡ℎ and 𝐽𝑡ℎ for the 2.35 μm device. Interpreted 
within the framework of the two-band Boltzmann model these results indicate that between 
approximately 20 K – 30 K the threshold current density is determined predominately by defect related 
SRH recombination. With increasing temperature, the carrier dependence of the threshold current 
density increases, due to a greater contribution from a higher order process(es). Between 70 K – 180 K, 
Z stabilises to a near constant value, Z ≈ 1.75, which is close to the value predicated for radiative 
recombination. The Z-value begins to increase again above around 180 K and approaching room 
temperature 𝑍 ≈ 3; consistent with a device dominated by Auger recombination. 
We can analyse the spontaneous emission measurements still further by plotting the Z-value as a 
function of current at different temperatures. Here we again focus our attention immediately before the 
break point temperature and approaching room temperature (see Appendix F for additional data).  
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Figure 4.11: Z-values as a function of current measured (a) just before the break point at 140 K and 150 K. (b) 
and approaching room temperature at 280 K and 290 K. The solid line is a guide to the eye. 
Figure 4.11a plots the current dependence of the Z-value at 140 K and 150 K. For both temperatures 
the Z-value increases with increasing current from Z < 1 and then saturates to a value of around 1.75. 
Moreover, saturation of the Z-value with injected current is a consistent feature for temperatures 
between ~70 K – 180 K reflecting the saturation of Z at threshold over this temperature range (Figure 
4.10). At these low temperature (<180 K) carrier leakage from the QW should be supressed. 
Additionally, the temperatures over which Z-stability is observed are in the immediate vicinity or less 
than the break point temperature. The T0-temperature dependence indicates that at these temperatures 
there should only be a very small contribution from strongly temperature sensitive (low T0) processes 
such as Auger recombination. The behaviour we observe may then be due to some combination of 
defect-related and radiative recombination. However, interpretation of the results remains challenging. 
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The convergence of Z with both current and temperature indicates that the relative contributions of the 
recombination channels to the injected current density are approximately independent of carrier density 
and temperature. If radiative recombination is the dominant process at threshold across this temperature 
range, then the Z-value should equal two. However, this is not what has been measured, even within 
multiple standard deviations. Crucially, 𝑍𝑅𝑎𝑑 must equal two by definition (𝑍𝑅𝑎𝑑 ≡ 2) which holds 
independently of the actual radiative current carrier dependence (provided that 𝐿𝑠𝑝𝑜𝑛 ∝ 𝐽𝑅𝑎𝑑). This 
suggests that radiative recombination cannot fully account for the current density at threshold. 
We must then also consider the influence of defect-related recombination to the injected current density 
and threshold. The initial increase in the 𝑍-value at low current densities could suggest a carrier density 
induced transition to a higher order carrier dependence, for example from defect to radiative 
recombination. However, it is again unclear why the Z-value should saturate < 2. Such transitional 
behaviour in Z could in-principle also be explained by a more rapid reduction in the carrier density 
dependence of radiative recombination, through for example, phase space filling effects. However, a 
defect dominated threshold current is in tension with other features of the spontaneous emission data 
such as Figure 4.8a, where there is no observable change in the 𝐿𝑠𝑝𝑜𝑛I relationship between 140 K – 
150 K 
Figure 4.11b plots the current density dependence of the Z-value at 280 K and 290 K. At these elevated 
temperatures we observe substantially different behaviour compared to that observed around the break 
point temperature. The Z-value at low currents again increases from values < 1, however there is no 
evidence of saturation around 𝑍 = 1.75, as occurred at lower temperatures. Instead the Z-value evolves 
smoothly well beyond 𝑍 = 2. This demonstrates a higher carrier density dependence than that of 
radiative recombination. It also appears that Z is tending asymptotically towards a constant value close 
to 3, as predicted by an Auger dominated device although this remains unconfirmed in these 
measurements. 
It is apparent that the two-band Boltzmann model is insufficient to entirely explain the details of the 
threshold current and spontaneous emission experimental measurements. The experimental results must 
therefore be interpreted within a more complete theoretical framework. This however is beyond the 
scope of this thesis. Nevertheless, we can still draw some tentative conclusions at this stage. 
At low temperatures (𝑇 < 𝑇𝐵) the Z-value is less than two, that is, the spontaneous emission 
dependence is sublinear with current. This indicates that there is a non-trivial contribution from a 
recombination channel with a carrier density dependence less than that of radiative recombination. This 
interpretation is further supported by the difference between the measured temperature dependence of 
T0 for the total and radiative current density at threshold (Figures 4.6b and 4.9b). 
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The current density and temperature dependence of the Z-value is also broadly consistent with the 
temperature dependence of T0 beyond the break point. Between approximately 180 K – 300 K, the Z-
value at threshold starts to increase rapidly with temperature. This overlaps with the precipitous 
reduction in T0 above the break-point temperature. We note that the temperature at which the threshold 
Z-value shows an appreciable change does not coincide exactly with TB. This is expected given that 
only a very small fraction of a strongly temperature sensitive process is required to induce the break-
point (Figure 4.4). The subsequent deterioration in the temperature stability of threshold can therefore 
be ascribed to an increasing contribution from a process with a higher order carrier density dependence 
(𝑍 > 2) such as Auger recombination or carrier leakage. The recombination process at room 
temperature can be investigated further using hydrostatic pressure analysis and this is the subject of the 
next section. 
4.6 Pressure Dependence of the Threshold Current 
The band structure of a semiconductor material is related to the geometry and separation of the 
constituent atoms. The application of high hydrostatic pressure therefore allows us to reversibly modify 
the band structure and investigate band gap dependent mechanisms independently of temperature [307]. 
This represents an important difference to the measurements presented in the previous section, as 
temperature also modifies the thermal distribution of carriers. Used in conjunction, temperature and 
hydrostatic pressure are therefore extremely powerful approaches to understand the carrier dynamics in 
optoelectronic semiconductor devices. 
As discussed in Section 3.3, the effect of hydrostatic pressure on the materials investigated here is to 
increase the band gap at the Γ-point. Since the pressure coefficients are approximately the same across 
a wide range of materials, hydrostatic pressure can tune the emission energy of the laser while 
preserving key aspects of the heterostructure. With the application of up to 10 kbar of hydrostatic 
pressure the dependence of the lasing energy is well characterised by a linear pressure coefficient, 
typically between ~10 – 11 meV/kbar [308]. Applied to the four wavelengths devices studied in this 
work, the 10 kbar pressure range allows us to access a continuum of wavelengths from 2.9 μm to < 2 
μm. The effect of hydrostatic pressure on the threshold current is more complex and will depend on the 
relative contributions of the various recombination processes. 
Defect-Related Recombination 
Monomolecular recombination via defects are expected to have only a weak pressure dependence as 
the defect states generally follow the movement of the band edge and the defect density is independent 
of pressure. The pressure insensitivity of the defect component of the threshold current has also been 
observed in a number of experimental studies [309], [310]. 
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Radiative Recombination 
In order to understand the pressure dependence of radiative recombination we can refer again to 
equation 2.19, restated below, which assumes radiative transitions between two parabolic bands, 
 
𝐽𝑟𝑎𝑑 = (
𝑒
𝑚0
)
2 1
𝜀0
𝜇∗
𝐿
√𝜀𝑟
𝜋2𝑐3ℏ4
|𝑃𝑐,𝑣|
2
𝐸𝑔∫ 𝑓𝑐(𝐸𝑐)[1 − 𝑓𝑣(𝐸𝑣)]
∞
𝐸𝑔
𝑑𝐸 (4.21) 
Where 𝜇∗ is the reduced mass, |𝑃𝑐,𝑣|
2
 is the electron momentum matrix element and 𝐸𝑔 is the ground 
state transition energy. 
As discussed previously the widening of the band gap is accompanied by an increase in the conduction 
band effective mass, 𝑚𝑐 ∝ 𝐸𝑔. The band gap dependence of the valence band mass however is more 
complex and depends on the character of the valence band states which mediate the radiative transitions. 
Due to the compressive strain induced within the quantum well layer, the valence band is highly 
anisotropic; with a light hole character in the immediate vicinity of the Γ-point and heavy hole character 
further out in k-space (Section 2.8). The near vertical k-space transitions of direct radiative 
recombination mean that the participating states typically lie close to the band edge. Thus, within the 
compressively strained systems studied here, radiative recombination should primarily be mediated by 
valence band states with a lighter hole character 3. 
The response of the light hole mass to pressure is similar to that of the conduction band mass, scaling 
in proportion to the bandgap. If we consider a laser which operates close to transparency and where the 
in-plane valence and conduction band mass are approximately equal (𝑚𝑐 ≈ 𝑚𝑣), then the relative quasi-
Fermi levels are approximately band gap insensitive. Under these conditions the pressure dependence 
of the radiative current is dominated by the explicit bandgap factor, 𝐸𝑔, and the reduced mass, 𝜇
∗, 
 𝜇∗ =
𝑚𝑐𝑚𝑣
(𝑚𝑐 +𝑚𝑣)
∝ 𝐸𝑔 (4.22) 
Thus, if the radiative current is well described by transitions to a lighter valence band mass, 
 𝐽𝑟𝑎𝑑 ∝ 𝐸𝑔
2 (4.23) 
                                                     
3 The alternative case where radiative transitions mainly involve valence band states which are primarily heavy in 
character is especially important in unstrained or tensile strained systems and is considered separately in Appendix 
G. 
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A further consideration is the bandgap dependence of the momentum matrix element |𝑃𝑐,𝑣|
2
. Averaged 
over wavevector and spin, and assuming complete overlap of the electron and hole wave-function, the 
momentum matrix element is roughly proportional to 𝑚𝑐/𝐸𝑔 [199]. In deriving an analytical expression 
for 𝐽𝑟𝑎𝑑(𝐸𝑔), the momentum matrix element can therefore be taken as relatively insensitive to the 
energy gap; an approximation supported by experimental values for most group IV, III-V and II-VI 
semiconductors [173]. 
It should be noted however that the simple analysis described above also assumes that the gain is 
constant for a given quasi-fermi level separation and additionally that the threshold gain is unchanged. 
If the gain condition is altered, through for example a bandgap dependent loss or a change in the optical 
confinement factor, then the band gap dependence will be modified. These effects have been treated in 
detail in the literature [311]. 
Auger Recombination 
The effect of pressure on the Auger current will depend on the nature of the Auger process. In each case 
the Auger coefficient is expected to have an approximately exponential dependence with band gap. The 
band gap dependence of the Auger coefficient is therefore the most significant contribution to the 
pressure dependence of the Auger current. In the narrow band gap type-I antimonide quantum well 
lasers that operate in the mid-infrared, the band gap is typically less than the spin-orbit split-off energy, 
𝐸𝑔 < ∆𝑆0. The spin-orbit split-off energy is reasonably constant over the limited pressure range 
investigated here [312]. CHSH Auger process should therefore increase approximately exponentially 
with increasing pressure, as the transition energy approaches resonance with the spin-orbit split-off 
band. In contrast the Auger coefficients associated with the CHCC and CHLH transitions are expected 
to decrease approximately exponentially with increasing band gap or pressure. 
Carrier Leakage 
Since the band edges of III-V alloys have similar pressure coefficients, band offsets throughout the 
heterostructure are almost independent of pressure. These include the band offset between the well and 
barriers in the active region and the discontinuities at the interface of the separate confinement 
heterostructure and cladding layers. Hetro-interface carrier leakage is therefore expected to be fairly 
pressure insensitive, as confirmed in several experimental and theoretical studies. Another leakage 
pathway is inter-valley leakage which involves scattering from the Γ-point to other conduction band 
minima. This has been shown to be an important recombination channel in short wavelength quantum 
cascade lasers and wider band gap visible interband lasers. However, interband scattering from the 
quantum well is negligible in interband mid-infrared devices due to the large Γ-X-L discontinuities 
within and between adjacent layers [289]. 
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A schematic representation of the band gap dependence from relevant recombination channels in the 
mid-infrared is presented in Figure 4.12. 
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Figure 4.12: illustration of the pressure dependent characteristics for the major recombination channels in the 
mid-infrared. 
The pressure dependence for the four wavelength lasers is presented in Figure 4.13. In each case the 
measurements were performed at room temperature (~290 K) and the threshold current densities are 
normalised to their atmospheric values. We can immediately observe that hydrostatic pressure has a 
substantial effect on the threshold current density of each wavelength device. This contrasts with the 
expected pressure dependence for a laser dominated by carrier leakage and defect-related 
recombination. 
The effect of applied hydrostatic pressure on the 2.16 μm laser is to increase the threshold current 
density over practically the entire pressure range and with an increasing rate at high pressures (Figure 
4.13a). This amounts to a 20% increase at around 8 kbar. With reference to Figure 4.12, this could be 
due to a dominant CHSH or radiative component, both of which increase with applied hydrostatic 
pressure. 
The pressure dependence of the 2.35 μm contrasts strongly with the 2.16 μm laser as the threshold 
current density decreases with increasing pressure over much of the pressure range (Figure 4.13b). This 
behaviour continues to around 6 kbar, beyond which the threshold current density dependence turns 
and instead begins to increase. This behaviour can be understood as a consequence of the interplay 
between two different processes. At atmospheric pressure an Auger mechanism such as CHCC or 
CHLH recombination dominates the threshold current. With increasing pressure these processes 
become suppressed and other recombination process such as CHSH or radiative recombination can 
come to dominate the pressure dependence. 
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Figure 4.13: experimental data illustrating the pressure dependence of the threshold current density measured at 
room temperature for the (a) 2.16 μm, (b) 2.35 μm, (c) 2.65 μm and (d)  2.90 μm lasers. The threshold current 
density is normalised to the ambient value. 
For the 2.65 μm wavelength device the threshold current density decreases over most of the pressure 
range (Figure 4.13c). This again suggest that CHCC or CHLH recombination dominate the threshold 
current density under ambient conditions. 
The 2.90 μm shows qualitatively similar behaviour (Figure 4.13d) and the threshold current density 
decreases over the entire pressure range. It is also evident that the negative pressure dependence of the 
threshold current is stronger for the longer wavelength lasers. This is consistent with an Auger process 
whose coefficient increases approximately exponentially with decreasing band gap. 
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The pressure dependence can be analysed in more detail by considering the combined effect of each 
recombination channel on the threshold current density. We can express the normalised pressure 
dependence of Jth as the weighted sum of the normalised threshold components, 
 𝐽𝑡ℎ(𝑃)
𝐽𝑡ℎ
0 =
𝐽𝑆𝑅𝐻(𝑃)
𝐽𝑆𝑅𝐻
0 𝐹𝑆𝑅𝐻
0 +
𝐽𝑅𝑎𝑑(𝑃)
𝐽𝑅𝑎𝑑
0 𝐹𝑅𝑎𝑑
0 +
𝐽𝐴𝑢𝑔𝑒𝑟(𝑃)
𝐽𝐴𝑢𝑔𝑒𝑟
0 𝐹𝐴𝑢𝑔𝑒𝑟
0 +
𝐽𝑙𝑘(𝑃)
𝐽𝑙𝑘
0 𝐹𝑙𝑘
0  (4.24) 
where 𝐹𝑃
0 is the fractional condition of the corresponding recombination process at ambient pressures. 
Using the theoretical pressure dependence of each recombination channel, 
 𝐽𝑡ℎ(𝑃)
𝐽𝑡ℎ
0 = 𝐹𝑆𝑅𝐻
0 +
𝐸𝑔
2(𝑃)
𝐸𝑔
2(0)
𝐹𝑅𝑎𝑑
0 +
𝐽𝐴𝑢𝑔𝑒𝑟(𝑃)
𝐽𝐴𝑢𝑔𝑒𝑟
0 𝐹𝐴𝑢𝑔𝑒𝑟
0 + 𝐹𝑙𝑘
0  (4.25) 
where 𝐸𝑔 is the ground state transition energy within the quantum well layers, which is approximately 
equal to the lasing peak. 
Figure 4.14 shows the shift in the lasing peak pressure for the 2.16 μm and 2.35 μm lasers. Assuming a 
linear pressure dependence we derive coefficients of 11.09±0.05 meV/kbar and 10.59±0.05 meV/kbar 
respectively. These numbers are consistent with values for other GaInAsSb lasers with values of 10.3 
meV/kbar, 10.6 meV/kbar and 10.2 meV/kbar reported for 2.11 µm, 2.3 µm and 2.6 µm devices 
respectively [305], [313]. Using this data, we can then estimate the band gap dependence of the pressure 
data. For the lasers where the pressure coefficient has not been measured, we take a pressure coefficient 
of 10.6 meV/kbar (an average of the available values) to be suitably representative. 
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Figure 4.14: the measured shift in the lasing peak energy as a function of pressure for the (a) 2.16 μm and 2. 35 
μm lasers. 
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4.6.1 Non-Radiative Pressure Dependence 
In Section 4.5 the maximum radiative component of the 2.35 μm laser was estimated by normalising 
the temperature dependence of the radiative current density to the low temperature threshold current 
density. In the absence of spontaneous emission measurements for the other wavelength laser we can 
as a first approximation extrapolate the threshold current density below the break point temperature, 
assuming 𝑇0(𝑅𝑎𝑑) ≈ 𝑇. For the 2.90 μm device where the break-point temperature is obscured we 
normalise to the threshold current density immediately after the region of infinite T0. Using this 
procedure, the room temperature radiative component of threshold is estimated as 82% for the 2.16 μm 
laser, 20% for the 2.65 μm laser and 21% for the 2.90 μm laser. From the estimated radiative component 
at atmospheric pressure the pressure dependence of the non-radiative threshold current density can be 
extracted using equation 4.25. Figure 4.15 shows the normalised pressure dependence of the non-
radiative current density which results from this procedure. 
Using the estimated room temperature radiative component of 82% for the 2.16 μm laser, there appears 
to be a strong pressure dependence of the residual non-radiative current density (Figure 4.15a). The 
non-radiative threshold current decreases to approximately a fifth of the ambient value with a turning 
point around 1.9 μm, perhaps indicating an increasing contribution from CHSH recombination. 
For the 2.35 μm laser we estimated a maximum radiative component of around 30% at room 
temperature. However, the temperature dependent and spontaneous emission measurements indicate 
that both radiative and defect related recombination make a non-trivial contribution to the low 
temperature threshold. 
With a non-zero contribution of defect related recombination to the low temperature threshold current 
density, we can estimate its room temperature component using equation 4.9. The bounded region in 
Figure 4.15b corresponds to calculations where the low temperature threshold current density is 
assumed to be due entirely to either defect or radiative recombination. The contribution of each process 
to the pressure dependence has then been removed using equation 4.25. The data points correspond to 
the situation where the low temperature current density is due to equal parts defect and radiative 
recombination. This distribution between the two processes is supported by the intermediate 
temperature dependence of T0 between 𝑇0 = 𝑇 and 𝑇0 = 2𝑇/3 below the break point. Due to the strong 
temperature dependence of the threshold current density, the room temperature pressure dependence of 
the residual non-radiative threshold current density is qualitatively the same in each case. 
With increasing band gap the non-radiative threshold current density initially decreases strongly, 
reducing to less than two-thirds the ambient value. At around 2.1 μm there appears to be a turning point 
in the pressure dependence consistent with an appreciable contribution from CHSH recombination. 
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Figure 4.15: extracted non-radiative components of the threshold current density at room temperature (a) 2.16 
μm, (b) 2.35 μm, (c) 2.65 μm and (d) 2.90 μm lasers. 
In the 2.65 μm laser (Figure 4.15c) the non-radiative threshold current density decreases over the entire 
pressure range and reduces to around a third of its ambient value. The monotonic decrease in the 
threshold current suggests that CHSH Auger recombination is largely suppressed across this wavelength 
range. This is expected given the greater disparity between the lasing energy and the spin-orbit split-off 
band at longer wavelengths. Instead the pressure dependence demonstrates that other Auger processes 
such as CHCC or CHLH recombination are more substantial at these wavelengths. Moreover, the large 
reduction in the threshold current density likely precludes carrier leakage as the dominant 
recombination channel at room temperature. This is despite the single QW active region and GaSb 
barrier employed in this device. 
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Finally, for the 2.9 μm laser (Figure 4.15d) a still stronger pressure dependence is measured, and the 
threshold current density is reduced to around a fifth of its ambient value over the measured range. The 
threshold current density again decreases monotonically with increasing band gap, evidence that CHSH 
recombination is relatively insubstantial over this wavelength. The strong pressure dependence again 
suggests that carrier leakage cannot dominate in this device. 
Under the pressure range investigated in this work the threshold carrier density is expected to be 
approximately pressure insensitive [314]. This is due to the enhanced optical confinement factor and 
subsequently reduced threshold gain which compensates for the increased carrier mass. Therefore, if 
we assume that the non-radiative current is due to Auger recombination, the pressure dependence of the 
non-radiative current density should reflect that of the Auger coefficient 4. 
The devices used in this work vary significantly in important device parameters, such as strain, barrier 
offsets and the number of quantum wells etc. The absolute value of the threshold current density is also 
sensitive to the internal optical loss which can vary greatly between devices depending on the material 
quality and the optical confinement. To observe the fundamental dependence of the Auger coefficient 
on the band gap, we normalise the threshold current density of each device in order to generate a 
continuous curve. 
The result of this procedure is presented in Figure 4.16a. The four wavelength lasers studied here are 
also supplemented with the pressure dependence of the non-radiative threshold current from a 2.30 μm 
and 2.52 μm laser measured by Ikyo [305] and a 2.37 μm laser measured by O’Brien [315] and Adamiec 
et al [316], where non-radiative components have been determined experimentally. The shortest 
wavelength device in Figure 4.16a, operating at 1.95 μm was grown by Stony Brook University and 
was measured to have a radiative component of about 15%. This laser employs a cascaded injection 
mechanism and HR/AR facet coating [317]. The pressure dependence should therefore be interpreted 
cautiously although the band gap dependence appears to conform to the overall trend. 
In general, we find good continuity in the band gap dependence of the normalised non-radiative current 
density; admitting one exception. While all other wavelength lasers approach a minimum around 2 μm, 
the short wavelength 2.16 μm laser shows a continued and indeed substantial decrease in Jth(non-rad). 
However, we note that the radiative component estimated for the 2.16 μm laser (82%) is much greater 
than the other lasers where Jth(rad) is around 20% or less. This is consistent with the exponential 
decrease of the Auger coefficient with increasing band gap that we observe in Figure 4.16a. However, 
the large radiative component means that the extracted non-radiative pressure dependence is much more 
                                                     
4 It is interesting to note that there is a significant pressure dependence of the threshold carrier density in III-V 
nitride semiconductors due to a strong increase in the conduction band mass. This results from the interaction 
between the nitrogen level and the conduction band, but is not applicable with the conventional III-V alloys 
studied in this work [559]. 
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sensitive to any departure from the idealised 𝐸𝑔
2 dependence of the radiative current. This could explain 
to some extent the aberrant band gap dependence compared to the seven other devices. The exact 
pressure dependence of the radiative current in this device should be confirmed using low temperature 
pressure measurements. 
Nevertheless, in general the pressure dependence exhibits two distinct regimes. As the wavelength 
decreases from 3 μm, the non-radiative threshold current density decreases approximately 
exponentially. This continues until around 2 μm, where the pressure dependence passes through a 
minimum and then increases approximately exponentially with decreasing wavelength (increasing 
bandgap). This transitional behaviour is indicative of two Auger mechanisms, with CHSH 
recombination becoming significant at shorter wavelengths. The presence of a minima around 2 μm and 
the onset of CHSH recombination is consistent with other hydrostatic pressure measurements [289]. 
However, it should be noted that the radiative component was not extracted in that analysis. 
The importance of the CHSH resonance becomes more apparent when compared to the pressure 
dependence of near-IR telecom lasers [141]. At these wavelengths CHSH recombination operates on 
the other side of resonance, decreasing with increasing bandgap (Figure 4.16b). 
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Figure 4.16: normalised non-radiative threshold current density as a function of lasing energy and wavelength 
in the (a) mid-infrared and (b) near-infrared regimes. 
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4.6.2 Cautionary Comments 
We have interpreted the pressure dependence of the threshold current density as reflecting the band gap 
dependence of the Auger coefficients. The apparent continuity of the pressure dependence in Figure 
4.16a is encouraging. However, the assumptions required in its construction should be viewed critically. 
It has been assumed generally that the extracted non-radiative threshold current density is due only to 
Auger recombination. However, this neglects any contributions from other non-radiative channels such 
as defect-related recombination and/or carrier leakage. If other recombination processes comprise a 
non-negligible proportion of the low temperature threshold current, then the radiative component should 
correspondingly be reduced at all temperatures. 
Defect-related recombination was considered explicitly only for the 2.35 μm laser (Figure 4.15b) where 
the T0 and spontaneous emission measurements indicated a substantial defect component below the 
break point temperature. Nevertheless, these same measurements support the view that a high order 
recombination process accounts for most of the threshold current at elevated temperatures. 
The significance of carrier leakage to the room temperature threshold current density is contested in the 
literature [318]. The strong pressure dependence of the threshold current density measured in these 
devices indicate that carrier leakage cannot dominate at room temperature operation. However, even a 
relatively small contribution carrier leakage can have an appreciable effect on the pressure dependence 
of the extracted Auger current. Due to variations in the band offsets between devices and presumably 
the threshold gain condition (due to the number of quantum wells, internal losses etc.) there could be 
non-trivial differences in the carrier leakage component of each device. This could then potentially 
disrupt the apparent continuity of the band gap dependence constructed in Figure 4.16a. 
It should also be recognised that the pressure insensitivity of the threshold carrier density assumes a 
pressure dependent threshold gain. This is in tension with the idealised 𝐸𝑔
2 dependence of the radiative 
current density. Furthermore, theoretical modelling of the threshold carrier density pressure dependence 
has been limited to near-infrared lasers. The degree of pressure insensitivity should ideally be confirmed 
at longer mid-infrared wavelengths where the optical confinement factor is expected to have a greater 
pressure dependence [319]. Any wavelength dependence in the optical losses should also be considered. 
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4.7 Type-II W-Lasers 
While most activity associated with type-II lasers has been at wavelengths > 3 µm, the type-II 
configuration provides a route for lasers operating between 2-3 µm through different material systems. 
An alternative to the type-I GaInAsSb active region are type-II ‘W’ lasers based on InP. While it is 
unlikely that such structures will compete with the high performing type-I devices in this wavelength 
range, growth on the more mature InP platform remains attractive as the InP substrate is cheaper, higher 
quality and more thermally conductive [320], [321]. It is also more amenable to heterogenous 
integration onto silicon [322]. Type-I active regions on InP can currently only access wavelengths up 
to 2.33 µm with longer wavelength emission limited by strain [323]–[325]. In contrast, the ‘W’ 
GaInAs/GaAsSb active region can theoretically access wavelengths up to 4 µm and has demonstrated 
room temperature electroluminescence at 3.9 µm [326]. The ‘W’ structure consists of a GaAsSb layers 
for hole confinement, grown between two GaInAs layers for electron confinement. The quantum well 
layers are heavily compressively strained with respect to the InP substrate and are typically separated 
by a tensile strained barrier providing strain compensation [327]. The ternary alloys in the active region 
are also easier to grow than the quaternary alloys in type-I devices and can be done using metal organic 
vapour phase epitaxy. 
A band alignment diagram for a single stage of the 2.35 μm ‘W’ laser active region investigated in this 
section is shown in Figure 4.17. The laser consists of three such stages connected in parallel. 
 
Figure 4.17: band alignment for the 2.35 μm ‘W’ laser. 
Figure 4.18 shows the characteristic temperature measured for a 2.35 µm ‘W’ laser fabricated by the 
Amann group at the Technische Universität Munchen. At low temperature 𝑇0 is broadly consistent with 
the radiative dependence. However, between 60-100 K the threshold current becomes stable and the 𝑇0 
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value tends to infinity. This effect may be due to inhomogeneities in the active region. Beyond 100 K 
the characteristic temperature decreases rapidly and falls below 𝑇0 = 𝑇/3. The same qualitive 
behaviour is observed in the 𝑇0 dependence at high temperature in both the type-I and type-II 2.35 μm 
lasers, indicating that a similar mechanism is responsible for the temperature instability in these devices. 
The break point for the ‘W’ laser occurs at a lower temperature than the type-I laser and could be a 
consequence of the higher threshold carrier density inherent to the type-II alignment. 
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Figure 4.18: temperature dependence of the (a) threshold current density and (b) the characteristic temperature 
for the 2.35 μm ‘W’ laser. 
The dominant recombination pathway at room temperature can again be investigated in more detail 
with hydrostatic pressure. The pressure dependence of the lasing energy is presented in Figure 4.19a, 
yielding a linear pressure coefficient of 9.5 meV/kbar. Figure 4.19b, shows the dependence of the 
threshold current density as a function of lasing energy, measured at 80 K and 290 K. When we analyse 
at the room temperature pressure dependence of the 2.35 µm ‘W’ laser we again observe a similar 
dependence between the type-I and ‘W’ lasers; with the current decreasing, approximately 
exponentially with increasing bandgap. However, the pressure dependence of the ‘W’ laser should be 
interpreted more cautiously as additional effects such as the change in the wavefunction overlap should 
be taken into consideration. CHSH Auger recombination and intervalence band absorption are also 
likely to be more prevalent in the ‘W’ laser as, ∆𝑆𝑂< 𝐸𝑔, and this will influence the pressure dependence 
of Jth. The pressure measurements at 80 K coincides with the region of inhomogeneity observed in 
Figure 4.18a. Within the experimental uncertainty, the threshold current density is roughly pressure 
insensitive over this range. 
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Figure 4.19: (a) pressure dependence of the lasing energy for the ‘W’ laser and (b) lasing energy and wavelength 
dependence of the total threshold current density at 80 K (triangles) and 290 K (circles). 
 
4.8 Conclusions 
In this chapter we report on the temperature and pressure dependence of the threshold current density 
in type-I GaInAsSb quantum well lasers operating at 2.16 μm, 2.35 μm, 2.65 μm and 2.90 μm. 
Section 4.4 presents the temperature dependence of the characteristic temperature, T0. While the details 
of the T0 dependence is particular to each device we observe that above a certain temperature there is a 
thermally induced transition towards greater temperature instability. The low T0 values above room 
temperature reveal an extremely strong sensitivity of the threshold current density consistent with a 
high order non-radiative process such as Auger recombination or carrier leakage. 
In Section 4.5 we present experimental results from the 2.35 μm laser on the temperature and current 
density dependence of the spontaneous emission intensity. With increasing temperature, the LI curves 
become more sub-linear, indicating a growing contribution from a high order process. We also measure 
the temperature dependence of the radiative current at threshold and find that over an extend 
temperature range T0 increases approximately linearly with temperature, even as the temperature 
stability of the total threshold current density deteriorates. 
Section 4.6 introduces the pressure dependence of the threshold current density. In contrast to some 
reports in the literature we find clear evidence that for the measured devices Auger recombination and 
not carrier leakage is the dominant recombination channel in type-I mid-infrared lasers at room 
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temperature. It is crucial however to recognise that efforts to reduce carrier leakage has been central to 
the improvement of device performance of type-I mid-infrared lasers, and that any reduction in the 
carrier density can have a substantial impact on the total Auger current. Using estimated radiative 
components at ambient pressures we extract the pressure dependence of the non-radiative current. In 
general, the non-radiative current density increases exponentially with increasing wavelength. These 
results strongly indicate that the deterioration in performance with increasing wavelength is 
fundamentally a consequence of the wavelength dependence of the Auger coefficient. 
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he purpose of this chapter is to identify the cause of the performance degradation of type-I mid-
infrared lasers with increasing temperature and wavelength. Through the temperature and 
hydrostatic pressure characterisation techniques discussed in Chapter 4 we can try to access the 
contributions of the various recombination and loss processes which fundamentally inhibit the 
performance and wavelength range of type-I mid-infrared lasers. 
5.1 Discussion: Temperature Dependence of the Auger Coefficient 
In Section 4.4 we presented the temperature dependence of the characteristic temperature. In each 
device we observed that beyond a certain temperature there was a rapid degradation of T0. This sudden 
decline in stability reveals a thermally induced sensitivity of the threshold current density. From the 
hydrostatic pressure measurements, we identified Auger recombination as the dominate non-radiative 
process at room temperature. However, no comment was made about the nature of this Auger process. 
In Section 2.7.3 we discussed two fundamentally different classes of Auger transitions, referred to as 
activated and thresholdless. In the activated Auger process energy and momentum conservation within 
the plane of the quantum well enforces a kinematic threshold to the distribution of participating carriers 
within their respective bands. A consequence of this threshold is that the Auger coefficient depends 
exponentially on temperature [196]. 
In the thresholdless Auger process excited carriers are excited into the continuum of delocalised states 
and ejected with momentum perpendicular to the plane of the quantum well. Consequently, the 
thresholdless Auger process can involve carriers at the band edge. Since there is no kinematic threshold 
T 
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the temperature dependence of the thresholdless Auger coefficient is correspondingly weak [204]. 
Given the substantial difference in the temperature dependence of the Auger coefficient for the two 
classes of Auger transitions, our temperature dependence measurements provide an opportunity to 
consider the nature of Auger recombination that dominates in type-I mid-infrared lasers. 
It is important to recognise that the temperature dependent experimental results presented in this chapter 
are consistent within the wider literature. Appendix H presents a compilation of the T0 temperature 
dependence extracted from a number of publications. While the break point temperature is typically 
outside the measured range in the literature, the rapid decrease in T0 with increasing temperature and T0 
values ≪ T/3 is a persistent feature in the operation of mid-infrared lasers. Significantly, the same 
qualitative behaviour is present in lasers where carrier leakage has been shown experimentally to make 
a very small contribution to the threshold current density [318] and is even observed in exotic systems 
such as triangular quantum wells [328]. 
If Auger recombination is the cause of both the break point and the degradation of T0 with increasing 
temperature, then the strong temperature dependence of the threshold current density must be carried 
in either the carrier density dependence, 𝑛(𝑇)𝑍, or the Auger coefficient, 𝐶(𝑇). Figure 5.1 models the 
idealised temperature dependence of T0 within the two-band Boltzmann framework for an activated 
(blue line) and thresholdless (yellow line) Auger process, with 𝑛𝑡ℎ ∝ 𝑇 and ZAuger= 3. At low 
temperatures radiative recombination dominates and the characteristic temperature follows the familiar 
𝑇0 = 𝑇 dependence. For both the activated and thresholdless processes there is a thermally induced 
departure from 𝑇0 = 𝑇 (the breakpoint temperature, 𝑇𝐵, as discussed earlier) as Auger recombination 
comprises a greater proportion of the threshold current density. 
The temperature dependence of the thresholdless Auger coefficient is taken from [224] and causes a 
slight deflection from 𝑇0 = 𝑇/3 towards lower T0 values (greater temperature instability). For the 
thresholdless process the increasing Auger component is mainly a consequence of the higher carrier 
density dependence of the Auger current, 𝑍𝐴𝑢𝑔𝑒𝑟 > 𝑍𝑅𝑎𝑑. However, we can see clearly that the weak 
temperature dependence of the threshold Auger coefficient is insufficient to reproduce important 
features in the experimental temperature dependence of T0: (1) a sharp break point temperature (2) a 
precipitous decline in T0 with increasing temperature and (3) 𝑇0 ≪ 𝑇/3 at high temperatures. 
Instead the thresholdless Auger process induces a comparatively benign droop in T0 which contrasts 
sharply with the rapid decline in T0 caused by an activated Auger process. 
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Figure 5.1: (a) models of the temperature dependence of T0 where the threshold current density is determined by 
radiative recombination and thresholdless (yellow) or activated (blue) Auger recombination. The break point 
temperature TB marks the sharp change of the low temperature linear behaviour of T0. 
These results suggest that if 𝑛𝑡ℎ ∝ 𝑇, then the temperature dependence of the threshold current density 
must be carried in the Auger coefficient; that is the Auger process must be activated in nature. It is 
critical then to interrogate the assumption that 𝑛𝑡ℎ ∝ 𝑇. 
We can consider two independent contributions to the temperature dependence of the threshold carrier 
density; the temperature dependence of (1) the transparency carrier density 𝑛𝑡𝑟 and (2) the threshold 
gain condition. These correspond to the two terms in equation 2.5.1, restated below, 
 
𝑛𝑡ℎ(𝑇) = 𝑛𝑡𝑟(𝑇) ∙ exp {
1
𝑔0(𝑇)
𝛼𝑖(𝑇) + 𝛼𝑚
Γ
} (5.1) 
The temperature dependence of the transparency carrier density is due to broadening of the Fermi-Dirac 
distribution with increasing temperature. Assuming both parabolic bands and single conduction and 
valence band occupation, ntr is approximately proportional to T. These assumptions in effect require 
that the density of states is constant in energy, at least over the extent of the Fermi distribution. However, 
the valence band of compressively strained quantum wells, especially, is non-parabolic. In addition, the 
large valence band mass in the growth direction means that the confined states in the quantum well are 
closely spaced in energy which aids multiple sub-band occupation. Furthermore, due to the asymmetry 
between the effective conduction and valence band masses, the conduction band quasi-Fermi level can 
lie deep within the conduction band. This facilitates conduction sub-band occupation and that of 
5. Nature of Auger Recombination 
92 
continuum states outside of the quantum well [329]. The effect of these non-idealities is packaged into 
the non-ideality term which can reasonably be expected to be both carrier and temperature dependent. 
The simple 𝑛𝑡ℎ ≈ 𝑇 dependence also neglects the temperature dependence of the threshold gain 
condition. As discussed in Section 2.5, threshold requires that the optical gain compensates for losses 
during a round trip of the optical field through the laser cavity. If the optical confinement factor and 
mirror losses are temperature insensitive, then the remaining temperature dependent contributions are 
the gain parameter and the optical loss. As illustrated schematically in Figure 5.2, the temperature 
dependence of 𝑔0 and 𝛼𝑖 can couple such that even a moderate temperature sensitivity of each parameter 
can produce a substantial enhancement in the threshold carrier density beyond 𝑇0 = 𝑇. 
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Figure 5.2: schematic illustration of the effect of a temperature dependent gain parameter and internal loss on 
the threshold carrier density, assuming a logarithmic relationship between the peak gain and carrier density 
(Section 2.5.1). The solid red lines show the carrier density dependence of the peak modal gain with increasing 
temperature, the grey line represents the threshold gain condition and the open markers correspond to threshold, 
where the gain curves intersect with the threshold gain at each temperature. (a) the gain parameter and the 
threshold gain are temperature insensitive. Therefore, the differential gain at transparency is ∝ 𝟏/𝑻 and 
𝑻𝟎(𝒏𝒕𝒉) = 𝑻. (b) the gain parameter is temperature dependent causing a divergence from 𝑻𝟎(𝒏𝒕𝒉) = 𝑻. (c) the 
gain parameter and the threshold gain are both temperature sensitive resulting in a more substantial increase in 
the threshold carrier density with increasing temperature. 
The temperature dependence of the threshold carrier density will be further amplified in the Auger 
current due to the high order carrier dependence of Auger recombination. From these simple 
considerations we can see an alternative explanation for the poor temperature stability of the threshold 
current density at room temperature is possible even with a temperature insensitive Auger coefficient. 
Figure 5.3 shows the evolution of the T0 temperature dependence for a thresholdless Auger process with 
a temperature dependent gain and internal loss. Although the Auger coefficient varies weakly with 
temperature, the gain parameter and threshold gain conspire to produce a strong temperature 
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dependence in the threshold carrier density. At low temperatures, T0(Jth) follows 𝑇0 ≈ 𝑇 but then 
diverges towards 𝑇0 ≪ 𝑇/3. This is again driven mainly by the temperature dependence of the threshold 
carrier density. Thus, with a strongly temperature sensitive threshold carrier density and a thresholdless 
Auger coefficient we can begin to see the emergence of behaviour that is in qualitative agreement with 
our experimental data. The temperature dependence of the threshold carrier density also causes a 
comparable droop in the radiative T0 dependence, although the severity of the divergence is less due to 
the temperature dependence of the radiative coefficient and weaker carrier density dependence of 
radiative recombination. 
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Figure 5.3: (a) schematic illustration of the temperature dependence of T0 (coloured line), where the Auger 
coefficient is assumed to vary weakly with temperature (i.e. thresholdless). The dark grey lines correspond to the 
theoretical dependence of the radiative and Auger components. The inset shows temperature dependence of gth/g0 
where gth is the threshold gain and g0 is the gain parameter. (b) the corresponding fractional contributions that 
radiative and Auger recombination make to the threshold current density. 
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5.1.1 T0 Analysis 
In this section we access the contributions that the various temperature dependent parameters make to 
the threshold current density. We shall initially neglect non-idealites such as a temperature dependent 
loss and gain parameter and consider the capacity for an activated Auger process to adequately account 
for the observed behaviour. 
The strength of an activated Auger process and its temperature dependence is determined primarily by 
the activation energy. Since in an activated Auger process energy and momentum are conserved within 
the plane of the quantum well, the activation energy is sensitive to the band dispersion and inter-band 
transition energies. The activation energies corresponding to the CHCC and CHSH processes are, 
 𝐸𝑎(𝐶𝐻𝐶𝐶) =
𝑚𝑐
𝑚𝑐 +𝑚ℎ
𝐸𝑔
𝐸𝑎(𝐶𝐻𝑆𝐻) = ∆𝑆𝑂 − 𝐸𝑔
 (5.2) 
where 𝐸𝑔 is the ground state transition energy, 𝑚𝑐 and 𝑚ℎ are the carrier masses of the conduction and 
heavy hole bands respectively and ∆𝑆𝑂 is the energetic separation between the heavy hole and the spin-
orbit split-off bands at Γ. 
Due to the highly anisotropic nature of the valence band in compressively strained layers, the immediate 
challenge in calculating the activation energy is to determine the appropriate mass parameters. 
Using temperature dependent spontaneous emission measurements, Garbuzov et al. [220] extracted 
activation energy values of 155 meV and 140 meV for type-I QW lasers operating at 2.3 μm and 2.6 
μm respectively5. The activation energy for the 2.6 μm laser was found to be in reasonably good 
agreement with the CHCC process at this wavelength assuming a strain induced light valence band 
mass character [140]. However, it is important to consider the location of the recombining hole state 
within the in-plane dispersion of the valence band. The derivation for the activation energy (Appendix 
D) yields the following expression for the energy of the initial hole state in the CHCC process, 
 
∆𝐸𝐻𝐻(𝐶𝐻𝐶𝐶) =
𝐸𝑎
2𝜇 + 1
 (5.3) 
As discussed in Section 2.8 the light valence band character of the heavy hole band is localised within 
the vicinity of the band edge and tends to the bulk-like heavy hole mass at higher energies. With the 
                                                     
5 The authors caution the reader that the measurements were taken over a limited temperature range. We should 
also note that the extracted activation energy is greater for the longer wavelength device.  
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moderate levels of strained typically employed in type-I GaInAsSb layers (Figure 4.1a) the extent of 
the light hole character is on the order of 1 – 2 kT at room temperature [330]. 
Assuming, a light hole valence band mass the hole state involved in the CHCC transition is >>2 kT 
below the valence band edge. It is unclear whether the valence band can be well described by a light 
hole mass so far out in k-space. Conversely if a heavy valence band mass was assumed instead such 
that 𝜇 ≈ 0.15, then for a laser operating at around 2.6 μm; 𝐸𝑎 ≈ 62 meV and ∆𝐸𝐻𝐻(𝐶𝐻𝐶𝐶) ≈ 48 meV. 
This would place the hole state within 2kT of the band edge where in turn it is unclear to what extent 
the valence band can be described by a bulk-like heavy hole mass. To illustrate this dynamic, Figure 
6.4 plots the band gap dependence of the heavy hole state and the activation energy using different 
values for 𝜇. 
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Figure 5.4: (a) heavy hole and (b) activation energy energies for the CHCC process as a function of band gap 
for different values of the reduced mass μ. For μ>0.15 it was assumed that the valence band dispersion varied 
with band gap in the same way as the conduction band, while for μ = 0.15 it was assumed that the heavy hole 
mass was independent of the band gap. 
It is important also to recognise that even if the valence band state is located within the heavy mass 
regime that the strain induced changes in the band structure will act to reduce the occupation probability 
of these states, in effect increasing the activation energy [331]. These calculations are expanded upon 
in Appendix D, but we can see here the complexities of Auger recombination even within a basic 
theoretical framework. 
Ambiguity in the literature for bulk carrier masses of the quaternary GaInAsSb alloy, strain induced 
modifications to the valence band and the energetic location of holes within a highly non-parabolic 
dispersion generates a considerable degree of uncertainty in the appropriate valence band mass. It is 
important to also recognise the limitations of the parabolic band approximation. Introducing the non-
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parabolicity and anisotropy to the conduction band dispersion tends to increase the activation energy 
for low band gap materials [141]. Consequently, the activation energy calculated with non-parabolicity 
and using the more physical heavy hole mass can increase towards that calculated using the light hole 
mass under the parabolic band approximation (Appendix D). To account for the aforementioned 
complexities, we consider separately the band gap dependence of the Auger coefficient using equation 
5.2 assuming a light and heavy valence band mass. For the purpose of continuity in our temperature 
and hydrostatic pressure analysis we apply the following parameters calculated using the param 
program for the Ga0.33InAs0.03Sb alloy, 
PARAMETER VALUE 
𝑚𝑐 0.038 𝑚0 
𝑚ℎ 0.252 𝑚0 
𝑚𝑙 0.049 𝑚0 
𝐸𝑔 0.477 eV 
Table 5.1: parameters used for the calculation of the CHCC Auger activation energies [291]. 
The heavy and light hole mass values are taken to constrain the limits for the heavy or light character 
of the highest valence band state in the strained semiconductor layer. The conduction and light hole 
mass are scaled with the band gap in accordance with k∙p theory. Otherwise the values are considered 
to be sufficiently representative to serve as a guide. The corresponding activation energies for the CHCC 
process are shown in Figure 5.5. 
In view of the complex valence band dispersion, CHLH Auger recombination (Light to Heavy hole 
excitation, -LH) may have an activation energy comparable to CHCC Auger recombination. However, 
compressive strain also increases the separation between the heavy and light valence band edge. 
According to the nextnano++ simulations presented in Figure 4.2, in some cases this forces the light hole 
band edge below the valence band edge of the barrier and SCH layers. Due to the subsequently poor 
wavefunction overlap it is unclear whether CHLH recombination could exist as a significant loss 
channel under these conditions. 
The qualitive effect that activated CHCC and CHLH recombination has on the temperature and pressure 
dependence of the threshold current is expected to be similar given the commensurate activation 
energies. In the analysis that follows we shall therefore limit our efforts to modelling only activated 
CHCC and CHSH transitions, however the CHLH process should not in general be discounted. 
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Figure 5.5: representative modelled CHCC activation energies assuming a light and heavy valence band 
character as a function of lasing energy and wavelength, using parameters from Table 5.1. 
The T0 dependence of the 2.16 μm lasers conforms very closely to the 𝑇0 = 𝑇 dependence expected for 
pure radiative recombination in an ideal laser. If we assume that this behaviour persists over the 
measured temperature range, then we can extract the non-radiative threshold component at each 
temperature. In the absence of defect-related recombination and carrier leakage, and assuming that 
𝑛𝑡ℎ ∝ 𝑇, the non-radiative threshold current density takes the form, 
 
𝐽𝑛𝑜𝑛−𝑟𝑎𝑑 = 𝐶0 exp (−
𝐸𝑎
𝑘𝑇
) ∙ 𝑛3 = 𝐶0 exp (−
𝐸𝑎
𝑘𝑇
) ∙ 𝑇3 (5.4) 
A plot of ln(𝐽𝑛𝑜𝑛−𝑟𝑎𝑑/𝑇
3) against 1/𝑇 should then yield a straight line with a gradient equal to −𝐸𝑎/𝑘. 
The result of this procedure is presented in Figure 5.6. We can identify two linear regimes which yield 
𝐸𝑎 = 290 meV, between 200 K-250 K and 𝐸𝑎 = 175 meV between 230 K – 350 K. It is uncertain 
whether the two regimes reflect a physical reality. However, the greater non-radiative current at higher 
temperatures makes extraction more robust to any uncertainties, and therefore likely more reliable6. 
For the CHCC processes the activation energy is calculated as 𝐸𝑎(𝐶𝐻𝐶𝐶) = 89 meV and 𝐸𝑎(𝐶𝐻𝐶𝐶) =
251 meV assuming a heavy and light valence band mass respectively (Figure 5.5). For the CHSH 
process 𝐸𝑎(𝐶𝐻𝑆𝐻) = 163 meV which is close to the derived value around room temperature. 
                                                     
6 It should also be mentioned that Ea = 175 meV is closer to the value derived for a 980 nm laser (Ea = 168 meV) 
which exhibits an almost identical T0 temperature dependence [543]. 
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Figure 5.6: determination of the Auger activation energy using the extracted non-radiative component of the 
threshold current density. 
Figure 5.7 presents the modelled temperature dependence of Jth and T0 using an activation energy of 
𝐸𝑎 = 175 meV. For the 2.16 μm laser we find good agreement between theory (solid lines) and 
experiment (open markers) across the measured temperature range for both parameters. The activated 
Auger process and simple theoretical framework therefore appears sufficient to explain the observed 
behaviour. Although it must be emphasised that a greater divergence between experiment and the model 
could present itself at higher temperatures. 
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Figure 5.7: modelled temperature dependence of (a) the threshold current density and (b) the characteristic 
temperature of the 2.16 μm laser. 
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The temperature dependence of the longer wavelength lasers is more complicated than the 2.16 μm 
device which hinders extraction of an activation energy. Instead we can access the capacity for the 
calculated Auger activation energies (Figure 5.5) to account for the Jth and T0 temperature dependence. 
The pressure data for the remaining three lasers indicates that CHSH recombination is suppressed at 
ambient pressures. Therefore, we shall limit our consideration to the activated CHCC process. 
Figure 5.8 and 5.9 presents the modelled Jth and T0 temperature dependence for the 2.35 μm laser, 
assuming a heavy and light valence band mass respectively for the CHCC activation energy. 
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Figure 5.8: modelled temperature dependence of (a) the threshold current density and (b) the characteristic 
temperature of the 2.35 μm laser using a heavy hole valence band mass. 
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Figure 5.9: modelled temperature dependence of (a) the threshold current density and (b) the characteristic 
temperature of the 2.35 μm laser using a light hole valence band mass. 
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The T0 and spontaneous emission measurements from the 2.35 μm laser indicates the presence of defect-
related recombination at low temperatures. A defect component has therefore been included within the 
model, using the equations described in Section 2.7.1. 
From Figure 5.8 we can see that the heavy Auger activation energy generates a reasonable fit for both 
Jth and T0 within a low temperature regime (< 200 K). However, approaching room temperature it 
becomes apparent that the relatively low activation energy is insufficient to reproduce the strong 
temperature sensitivity of the threshold current density and associated low T0 values. In contrast the 
light hole mass activation energy proves more capable of reproducing the temperature sensitivity of Jth 
at the highest temperatures (Figure 5.9) but is unable to account so well for the intermediate behaviour 
between the low and high temperature regimes. 
It is clear from this data that the current framework is insufficient to account of the observed behaviour 
and a more complete model should be considered. As discussed in the preceding sections there are a 
number of processes that can influence the temperature characteristics of laser operation, either 
independently or in concert. With a suitably complex and unconstrained theoretical model it would be 
possible to generate a fit for the experimental data. To advance beyond simply conjecture, parameters 
such as the gain and the internal loss should be measured to suitably constrain the model. In the absence 
of these we can at least make some preliminary observations which require explanation. 
Perhaps the most striking is the consistency in the temperature dependence of T0 after the break point 
temperature. The linear decrease in T0 persists throughout a temperature increase of over 200 K. 
Significantly T0 falls below the theoretical Auger dependence even using a light hole activation energy 
and even at the maximum operation temperature there is no indication of an inflection point. 
For the 2.65 μm laser we consider only radiative and non-radiative Auger contributions in our model. 
Figure 5.10 and 5.11 present the modelled temperature dependence with a heavy and light valence band 
effective mass. Again, the fits suffer from similar issues in the modelling of the 2.35 μm laser 
characteristics. The heavy mass activation energy is unable to achieve the strong temperature sensitivity 
of the threshold current density at high temperatures. In contrast the modelled light hole activation 
energy in Figure 5.11 can account for the high temperature inflection point but produces a poorer fit at 
lower temperatures. 
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Figure 5.10: modelled temperature dependence of (a) the threshold current density and (b) the characteristic 
temperature of the 2.65 μm laser using a light hole valence band mass. 
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Figure 5.11: modelled temperature dependence of (a) the threshold current density and (b) the characteristic 
temperature of the 2.65 μm laser using a light hole valence band mass. 
Finally, the light and heavy hole models are applied to the Jth and T0 measurements from the 2.9 μm 
laser, presented in Figures 5.12 and 5.13. There are two features in the 2.9 μm laser temperature 
dependence which further complicates the application of the current model. The region of temperature 
stability < 150 K is not considered further in this work but is consistent with the behaviour associated 
with inhomogeneities [300]. The 2.9 μm laser also exhibits two distinct gradients in its T0 dependence. 
From 150 K there is initially a steep negative gradient in T0 which then plateaus between approximately 
200 K – 250 K. Above these temperature T0 begins to decrease again with increasing temperature, but 
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at a much slower rate. This contrasts with the behaviour observed in the other lasers studied here, where 
above the break point temperature T0 decreased at a fairly constant rate. The interpretation of this 
behaviour is unclear, and it may simply be an artefact of the transient region of strong stability in Jth 
between 20 K – 150 K where |𝑇0| ≈ ∞. It is interesting to note however that a similar multi-gradient 
T0 dependence has also be observed in lasers operating at telecommunication wavelengths [332]. 
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Figure 5.12: modelled temperature dependence of (a) the threshold current density and (b) the characteristic 
temperature of the 2.90 μm laser using a light hole valence band mass. 
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Figure 5.13: modelled temperature dependence of (a) the threshold current density and (b) the characteristic 
temperature of the 2.90 μm laser using a light hole valence band mass. 
Given the idiosyncrasies of the 2.90 μm laser temperature dependence, the failure of the two-component 
threshold current density to reproduce the experimental results is more forgivable. However, it is clear 
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that even the light hole activation cannot accurately simulate the low T0 values approached at the 
maximum operating temperature of this device; 𝑇0 ≈ 16 K around 350 K. In the absence of non-
idealities and additional temperature dependent parameters, the activation energy would have to be 
unfeasibly large 𝐸𝑎 ≈ 570 meV. 
With the exception of the 2.16 μm laser, the deficiencies of the limited model applied here are apparent. 
We find in general that in the immediate vicinity of the break point temperature a heavy mass activation 
energy can reproduce the experimental data. However, the relatively low activation energy cannot fully 
account for the persistent decline in T0 with increasing temperature. Instead we find that the light mass 
activation energy is required to approach the low T0 values measured at higher temperatures, and even 
this extreme value is in general insufficient. We can note further the poor quality of the fit at 
intermediate temperatures with the higher activation energy. 
A significant omission in the current model is carrier leakage and it is possible that a leakage current 
could account for some of the deficiency at high temperatures. However, the numbers of quantum wells 
and the valence band offsets of the 2.35 μm and 2.90 μm lasers exceed that of the 2.16 μm laser where 
the non-radiative current density could be accounted for without the invocation of an additional leakage 
current term. We should also remark that similar temperature dependent behaviour was observed in 
devices where the leakage current was measured to be less than 1% of the threshold current density 
[318]. 
The question that immediately arises is, are other processes capable, at least in-principle of accounting 
for the temperature characteristics of these type-I mid-infrared lasers without contribution from an 
exponentially temperature dependent Auger coefficient? 
To isolate the effective temperature dependence of the Auger coefficient it is necessary to disentangle 
the various temperature dependent contributions to threshold. Unfortunately, it was not possible within 
the timeframe of this project to measure the temperature dependence of the gain parameter and the 
optical loss, although preliminary loss measurements are discussed in Appendix I. These parameters 
are critical to understanding the stability of laser operation, and any analysis is incomplete without 
them. However, as illustrated in Figure 5.3 the temperature dependence of the threshold carrier density 
must be reflected in the radiative current. We can therefore infer the impact of non-idealities and the 
temperature dependence of the gain and optical losses from the T0 values of the radiative current. 
In our measurements of the 2.35 μm laser the temperature dependence of the radiative current 
determined from our spontaneous emission measurements (Figure 4.9) is fairly close to 𝑇0 = 𝑇 over an 
extended range, at least up to ≈200 K. Whatever the cause of the break point in the threshold current 
density dependence there appears to be no discernible effect on the radiative current at these 
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temperatures. This observation limits the temperature dependence of the gain condition and the extent 
that non-idealities can be introduced to account for the break point and low T0 values. 
We should also note here that in several publications the measured room temperature T0 values for the 
radiative current is close to that predicted by 𝑇0 = 𝑇 [299], [303], [333]–[336]. In each case the 
temperature dependence of T0(Jth) broadly conforms to the behaviour observed in this work. Accounting 
simultaneously for low T0 values of the total threshold current density, and the high radiative T0 values 
therefore requires a significant temperature dependence to be contained within the Auger coefficient; 
beyond that of thresholdless Auger recombination. 
Although the temperature dependence of the 2.16 μm was well accounted without non-idealities, it is 
reasonable to expect that a conspiracy of other temperature dependent mechanisms and parameters 
could manifest the same behaviour. Introducing an enhanced temperature sensitivity of the carrier 
density will then reduce the activation energy necessary for the Auger process. The distribution of the 
temperature dependence carried in the Auger coefficient and threshold carrier density will need to be 
determined through additional measurements of the internal loss and gain parameter. 
5.2 Wavelength Dependence of the Auger Coefficient 
Section 4.6 reported on the pressure dependence of the threshold current density. Using estimates of the 
radiative component (and also the defect component in the 2.35 μm laser) at ambient pressures, the 
pressure dependence of the residual non-radiative current density could be extracted. Normalising the 
pressure dependence with additional devices from the literature we found that, in general, with 
increasing wavelength from 2 μm – 3 μm the non-radiative current density increased exponentially. As 
shown in Figure 5.14, this reflects the wavelength dependence of the threshold current density found in 
the literature. 
The devices reported in Figure 5.14 exhibit significant differences in critical parameters such as the 
band offsets, levels of strain and the number of quantum wells in the active region. The clear wavelength 
dependence in optimised laser structures and the pressure dependence reported in this work is therefore 
quite remarkable. This points to an underlying physical process which fundamentally limits the 
performance of type-I mid-infrared laser; especially as the wavelength range is extended deeper into 
the mid-infrared. As anticipated in previous sections, this is likely due to Auger recombination 
It is important then to consider how well Auger recombination can account for the band gap dependence 
we observe. 
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Figure 5.14: literature data for the threshold current density of the high performing lasers in the 2 μm – 4 μm 
wavelength range (green markers) and the normalised pressure dependence of the non-radiative current density 
reported in this work in Figure 4.16 (open markers). 
5.2.1 Pressure Analysis 
The short wavelength pressure dependence shown in Figure 5.15 reveals a minimum around 2 μm and 
monotonic increase in the non-radiative current. This is also substantiated by other measurements 
reported in the literature [289]. Such behaviour is consistent with an increasing contribution from CHSH 
recombination as the band gap approaches the spin-orbit split-off energy. For the 1.95 μm type-I 
interband cascade laser from Stony Brook, the spin-orbit split-off energy was calculated as 820 meV 
using nextnano++, and this value is used to fit the CHSH wavelength dependence. 
To achieve longer wavelength emission the composition of the quantum well is varied to reduce the 
band gap. In general, this also reduces the spin-orbit split-off energy albeit at a slower rate. The overall 
effect is that the difference between the spin-orbit split-off energy and the band gap tend to increase 
with increasing wavelength. It should be recognised that there is a large degree of uncertainty associated 
with the spin-orbit split-off energies of the GaInAsSb quaternary alloys. However, to illustrate the 
general trend Table 5.2 presents the difference between the theoretical spin-orbit split-off energy and 
the measured room temperature lasing energy as determined from nextnano++ simulations. 
As other processes become enhanced with increasing wavelength, CHSH recombination can therefore 
be expected to account for a smaller proportion of the non-radiative threshold current density. This is 
supported by the pressure measurements reported in Section 4.6. 
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PARAMETER 2.16 μM LASER 2.35 μM LASER 2.65 μM LASER 2.90 μM LASER 
∆𝑆𝑂 − Elase 163 meV 196 meV 213 meV 187 meV
† 
Table 5.2: the separation between the spin-orbit split-off band and the lasing transition. Calculations were 
performed using nextnano++ with parameters taken from [238]. †As noted in Table 4.1, this value is likely to be 
an underestimation. 
The purpose of this work is to investigate the degradation in performance with increasing wavelength, 
> 2 μm. In attempting to account for the band gap dependence of the pressure data the same issues are 
encountered regarding the character of the valence band mass. This consideration is especially 
important here as the light and heavy hole characters are affected differently under pressure. Figure 
5.15a displays the normalised band gap dependence of the Auger coefficient assuming a light valence 
band mass (yellow) and heavy valence band mass (blue) for the activated CHCC process, where the 
pressure dependence of the CHCC Auger matrix element is taken from [319]. The model using a heavy 
hole valence band mass appears to generate a closer fit, however the qualitive behaviour of the 
experimental data is reproduced irrespective of the valence band mass character. 
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Figure 5.15: modelled pressure dependence (a) for the activated CHCC and CHSH Auger process using a light 
and heavy valence band mass and (b) for the thresholdless CHLH process [224]. 
We should also note that the band gap dependence for the thresholdless process modelled in [224] also 
gives very good agreement with the experimental data between 2.3 μm – 2.6 μm (Figure 5.15b). The 
wavelength dependence we observe is therefore not able to discriminate between an activated or 
thresholdless Auger process in this wavelength range. 
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5.3 Conclusions 
In Section 5.1 we consider the activated or thresholdless character of the Auger mechanism which 
operates in type-I mid-infrared lasers. The presence of a sudden break point temperature and precipitous 
decline in T0 appears to be a consistent feature in the literature across a wide range of wavelengths. This 
commonality suggests that the recombination and carrier dynamics of type-I QW lasers share 
fundamental attributes which exist beyond the specifics of the device structure. 
As shown in Section 5.2, the wavelength dependence of the activated and thresholdless Auger 
coefficient can both reproduce the form of the dependence measured in Chapter 4. However, the 
substantial difference in the temperature dependence indicates an approach to discriminate between 
these two classes of transitions. 
For the 2.16 μm laser we find that modelling radiative recombination and an activated Auger process 
can reproduce the experimental temperature dependence of T0 and Jth. However, it has proven more 
challenging to accurately model the temperature dependence of the longer wavelength lasers across the 
entire temperature range. This suggests in addition to an activation energy an enhanced temperature 
dependence must be carried in the threshold carrier density. However simultaneously accounting for 
the high temperature stability of the radiative threshold component and the very low temperature 
stability of the total threshold current requires a temperature dependence of the Auger coefficient 
beyond of the purely thresholdless process. Methods to assess the activated character of the dominant 
Auger transitions is discussed further in Chapter 7. 
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ermanium-Tin (GeSn) and related group-IV alloys have been recognised as potential materials 
for a diverse array of applications including CMOS-compatible optoelectronics, low-power 
tunnel field effect transistors [337] and non-linear photonics [338]. Ge is an indirect semiconductor, 
where the Γ-point lies 136 meV above the conduction band minimum at L. The incorporation of the 
diamond phase of Sn (α-Sn) into the Ge-lattice is expected to reduce the conduction band Γ-point energy 
faster than at the indirect critical points. With sufficiently high Sn content it should therefore be possible 
to engineer an intrinsic direct band gap group-IV semiconductor. Currently there are significant 
discrepancies in the literature, with the indirect-direct cross over reported to occur between 6% to 10% 
Sn. 
In this work we investigate the GeSn band structure by measuring the absorption edge of GeSn 
photodiodes under hydrostatic pressure. Our results suggest that the optical properties of GeSn are 
strongly influenced by the Γ-character of the low-lying electronic states. In contrast to the conventional 
view in the literature we measure a continuous evolution in the Γ-character of the band edge states with 
increasing Sn concentration. We also find evidence of substantial Γ-character in dilute GeSn alloys with 
Sn concentrations around 6%, which is below the generally predicted indirect-direct crossover 
composition. 
G 
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6.1 Si-Compatible Optoelectronics 
Silicon is the dominant material for microelectronic circuitry. As a result, the vast CMOS infrastructure 
that has developed to support the silicon industry offers unparalleled fabrication complexity, high-
volume manufacture and yield. One of the outstanding challenges in photonics is the seamless 
integration of optoelectronic systems onto a silicon platform. Silicon compatible photonics would 
enable the high-volume manufacture of complex and high density integrated photonic and electronic 
circuits. This is particularly attractive for systems such as on-chip optical interconnects [339] and on-
chip spectroscopic chemical sensing [340]. Many of the passive components necessary for Si-based 
optoelectronic integrated circuits (OEICs) have already been developed for near- and mid-infrared 
wavelengths [341], [342]. However, an efficient silicon-compatible light source remains challenging.  
In order to leverage the advanced manufacturing infrastructure and high yields of the microelectronics 
industry a photonic emitter should ideally be; 
(1) monolithically integrated onto a Si-based platform and in a growth 
process compatible within the CMOS work flow.  
(2)  electrically pumped to minimise coupling losses and device footprint. 
(3)  compatible with passive photonic and electronic CMOS components. 
(4)  produce sufficient output power with low energy consumption. 
From the point of view of material integration the simplest solution for Si-photonics would be a Si-
based laser. However, bulk Si itself has limited potential as a gain medium due to the indirect nature of 
the bandgap [343]. In Si, the conduction band minimum is located near the X critical point and lies 1.12 
eV above the valence band (Figure 6.1a). 
Consequently, electrons which preferentially occupy states around X are momentum misaligned to the 
hole population. To accommodate the momentum mismatch between the initial and final electron states, 
radiative transitions must be mediated by phonons. The reduced probability of this three-particle 
interaction leads to long radiative lifetimes (on the order of 100s μs at 𝑛 = 1018 cm3 [344]) and weak 
optical gain. For devices such as LEDs, radiative recombination must compete with more efficient non-
radiative pathways such as Auger processes and recombination through deep or surface states [345]. 
Moreover, at the high injection levels required for lasing, loss processes such as free carrier absorption 
can be several orders of magnitude higher than the material gain [346]. The indirect band gap of Si 
contrasts with the direct band gap of III-V semiconductors such as GaSb, which serve as the basis of 
modern optoelectronics (Figure 6.1b). 
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Figure 6.1: (a) schematic illustration of the Si bandstructure at 300 K. Electrons preferentially populate the 
conduction band minima at X, requiring a phonon to radiatively recombine with the holes at Γ. (b) schematic 
bandstructure of GaSb at 300 K. The momentum alignment of the electron and hole population in direct bandgap 
semiconductors typically offer shorter radiative lifetimes and higher optical gain. 
There have been numerous efforts to improve the optical efficiency and gain of Si through bandstructure 
engineering using zone-folding Si superlattices [347], defect engineering [348]–[351] and nano-
structures such as porous Si and photonic crystals [352]–[357]. These efforts have seen enhanced optical 
efficiency from Si and include observations of optical gain and lasing. However, current Si-based 
approaches are unable to fully meet the criteria outlined earlier for CMOS photonics, such as limited 
output powers and efficiency. In addition, blue-shifted emission in quantum confined devices would be 
strongly absorbed in Si waveguides [358]. Continuous wave (CW) Si-Raman lasers have also been 
realised, although the intrinsic optical pumping mechanism limits its application [359], [360]. For a 
recent appraisal of the potential of Si for photonics the reader is invited to read [361]. 
6.1.1 III-V/Si Integration 
Currently the most viable approach for optoelectronic integrated circuits is to integrate III-V devices 
onto a silicon platform. The immediate barrier to this is the large mismatch in the lattice constant and 
thermal expansion coefficient between Si and the III-V alloys typically used for near- and mid-infrared 
optoelectronics (12.2% and 198% respectively in the case of GaSb). This results in a high density of 
threading dislocations (TDs) during III-V epitaxy, which grow during device operation; fundamentally 
inhibiting device performance and lifetime [362]. 
The growth complexity is further exacerbated by the polar/nonpolar interface [363] and the subsequent 
formation of anti-phase boundaries (APBs) [364]. APBs are demarcated by a series of false (III-III, V-
V) bonds. Since APBs are electrically and optically active they can significantly deteriorate device 
performance and lifetime if they infiltrate device layers [365]. APBs also induce interface roughness 
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which impacts the quality of subsequent layers. The most expedient method to supress APB formation 
is through a 2.50-50 miscut from the (001) orientation in the silicon substrate [366]. However, such an 
approach is not CMOS compatible as existing processing steps are developed for on-axis Si substrates 
with a maximum miscut of 0.50. The polar/nonpolar interface can also generate an electric field which 
facilitates cross-doping where dissimilar atoms diffuse across the interface. A comprehensive review of 
III-V growth on Si can be found in [367]. 
To overcome these formidable challenges several strategies are being pursued such as: 
(1) heterogenous and hybrid integration, 
(2) planar hetroepitaxial growth through buffer layers, dislocation filters, selective area growth 
techniques and pseudomorphic growth using novel GaP-based alloys, 
(3) epitaxial III-V nanostructures. 
The following section reviews recent progress towards III-V laser integration in the near- and mid-
infrared wavelengths, although it is worth noting recent demonstrations of room temperature electrically 
pumped visible InGaN/Si lasers with micro-disk [368] and Fabry-Perot [369] structures. 
Heterogenous and Hybrid Integration 
Heterogenous and hybrid integration, which refers to the integration of separately manufactured 
components [370], provides an immediate pathway to Si-optoelectronics [371]. Implementations of the 
hybrid approach include prefabricated off-chip lasers which are flip-chip bonded [372] onto a Si die 
and then coupled to the silicon OEIC through various integration schemes [373]–[375]. Issues related 
to positional tolerance and laser pitch may limit the scalability and integration density possible with 
direct mounting [376] but progress is ongoing [377], [378]. 
An alternative method is heterogenous integration through direct molecular or adhesive wafer bonding. 
Wafer bonding has been used to integrate numerous III-V laser chips in the near-infrared and more 
recently in the mid-infrared; including Fabry-Perot structures [322], [379] and QCLs [380]. In direct 
molecular bonding, the III-V material is bonded to a silicon chip through strong interfacial bonds (such 
as van der Waals forces) [381]. Low-temperature wafer bonding overcomes both the mismatch in lattice 
constant and thermal expansivity, facilitating high-film quality transfer of III-V wafers. The III-V 
material can then be selectively etched, and laser fabrication is performed post-deposition. This relaxes 
the need for careful alignment which is then achieved through well-established lithography techniques. 
Using this approach, electrically pumped AlGaInAs lasers, have been integrated onto a Si-platform, 
exhibiting mW-level output power under room temperature and CW operation [382]. 
While heterogenous integration offers the most immediate route to Si-photonics, direct wafer bonding 
and the related process of epitaxial transfer [383] typically require ultra-clean conditions and surface 
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smoothness at the atomic level [376]. Wafer bonding may be assisted with polymer adhesives which 
simplifies fabrication [384]. However, poor thermal conductivity of the adhesive limits heat dissipation 
which impacts device performance and reliability [385]. In addition, the III-V material must be grown 
on a more expensive native substrate, which are limited to smaller wafer diameters compared to Si. A 
detailed review on the economics of III-V heterogenous integration versus hetroepitaxy can found in 
[386]. Thus, while heterogenous integration is the most commercially viable strategy at present, the 
promise of economical, compact, wafer-scale and high component density OEICs may only be possible 
through CMOS-compatible monolithic growth. 
Heteroepitaxial Integration 
Metamorphic Buffer Layers 
Hetroepitaxial growth of III-V materials requires strategies which either mitigate or are more tolerant 
to the mismatched properties of the III-V layers and the Si-substrate. One of the most widely used 
methods employs metamorphic buffer (MB) layers which are compositionally graded to the desired 
lattice constant [387]. The metamorphic buffers are intended to relax but with minimal vertically 
propagating dislocations [388]. Buffer layers are often used in conjunction with dislocation filters which 
utilise strain-fields to induce dislocation annihilation and inhibit propagation in the growth direction. 
Strained superlattice [389], [390] and quantum dot [391], [392] dislocation filters and have been 
successfully implemented in monolithically integrated quantum dot lasers [393] and QCLs [394] on Si. 
However, thick buffer and dislocation filter layers limit co-integration with electronic or photonic ICs, 
as active layers are isolated from the SOI waveguides. In addition, they are more costly, and the 
resulting chips are often more mechanically fragile and susceptible to warp [395]. 
Interfacial Misfit Arrays 
An alternative to thick metamorphic buffer layers are III-Sb buffers. Materials such as GaSb or AlSb, 
are highly strained with respect to Si and preferentially relax through the formation of 900 interfacial 
misfit (IFM) arrays. Defects are largely confined to the III-Sb/Si interface and high crystalline quality 
is achieved without the use of very thick MB layers [396]. This approach has achieved electrically 
pumped room-temperature CW GaSb lasers at near- [397] and mid-infrared [398] wavelengths. While 
these results are extremely encouraging, the devices were grown on miscut Si-substrates in order to 
supress APBs and also exhibit reduced performance compared to lasers grown on native substrates. 
Selective Area Growth 
APB and TD suppression can be achieved simultaneously on standard Si (001) substrates using selective 
area growth (SAG). One manifestation of this approach is aspect ratio trapping (ART) where III-V 
materials are selectively grown within high aspect ratio holes or trenches. Defects formed at the III-
V/Si interface tend to propagate along the 〈111〉 plane and are terminated at the boundary of the trench. 
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Thus, above a critical height, threading dislocation free material can be grown. Further studies of SAG 
found that APB suppression may also be attained with v-grooved 〈111〉 trenches, as single step 
imperfections along Si 〈111〉 do not induce the formation of APBs during polar/nonpolar growth [399]. 
Furthermore, the v-groves can be patterned into the Si substrate with a CMOS-compatible etch [400]. 
Significant breakthroughs using this approach include the fabrication of a room-temperature InP (λ ≈ 
932 nm) [401], InGaAs/InP (λ ≈ 1300 nm) [402] and InGaAs/GaAs (λ ≈ 1050 nm) [403] DFB laser 
arrays. However, only optically pumped lasing has been reported at present [404]. Outstanding 
challenges are efficient waveguide coupling, electrical injection and thermal management. Room 
temperature lasing has also recently been realised with GaAs micro-disks on Si, using template assisted 
selective epitaxy, but again lasing was optically pumped [405]. 
Rather than fabricate devices from a single III-V trench, an alternative is to use an overgrowth technique 
where coalesced material between adjacent trenches forms a thin planar template for subsequent III-V 
epilayers. This template, in combination with superlattice dislocation filters has been used to achieve 
electrically pumped CW telecom quantum dot lasers with an on-axis (001) Si substrate [406]. The 
defect-necking effect exploited by ART can also be used in the related approach of confined epitaxial 
lateral overgrowth for achieving larger regions of high quality III-V material [407]. This approach has 
been analysed theoretically for III-V photonic devices epitaxially grown and evanescently coupled to a 
Si/SiO2 waveguide [408]. 
Pseudomorphic Planar Growth 
The strategies of heterogenous integration described above attempt to mitigate the mismatched 
properties between III-V alloys and Si. A radically different approach is to use III-V alloys closely 
lattice matched to Si. Unlike the well-established class of compound III-V semiconductors which 
dominate optoelectronics (InP, GaAs, GaSb etc.) the 300 K lattice constant of GaP (5.4505 Å) is only 
~0.36% larger than Si (5.431 Å). GaP can then be pseudomorphically grown on Si with a low density 
of threading dislocations. Using a series of surface treatments and an optimised two-step MOVPE 
growth process developed by NAsPIII/V GmbH, a 50 nm defect free GaP layer can be grown on (001) Si 
with a charge neutral interface [409]. The GaP/Si template is more amenable to subsequent III-V growth 
where the remaining challenge is threading dislocations. 
The lattice mismatch can be circumvented entirely by using GaP-based compounds for device 
heterostructures. Like Si, GaP exhibits an indirect bandgap (∆𝐸300 K
Γ−𝑋 = 0.52 eV). Arsenic rich GaAsP 
is a direct bandgap compound but is again strongly lattice mismatched to Si. This can be rectified by 
incorporating a small N concentration (on the order of a few %), forming the quaternary GaNAsP alloy. 
GaNAsP offers engineering of both the direct bandgap and lattice constant, facilitating the 
pseudomorphic growth of gain and heterostructure layers onto Si [410]. N incorporation also produces 
a large reduction in band gap, pushing the accessible emission wavelengths towards the 
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telecommunication bands. Electrically pumped GaNAsP/GaP lasers, operating up to 80K, were first 
demonstrated in 2005 [411], with lasing at 285 K reported the following year [412]. Room temperature 
operation was achieved in 2011 with a lasing wavelength of 980 nm and threshold current densities of 
4 kA/cm2 [413]. 
Monolithic integration onto Si, requires the growth of thicker III-V layers and so it becomes necessary 
to account for the small lattice mismatch between GaP and Si. The critical thickness limitations of GaP 
can be addressed with dilute N or B incorporation to reduce the III-V lattice constant [414]. Integration 
of GaNAsP lasers onto on-axis Si was achieved using a lattice match BGaP separate confinement 
heterostructure region, with tensile strained BGaAsP barrier layers for strain compensation. The laser 
operated up to 165 K with threshold current densities of 1.6 kA/cm2 and emission wavelength of 861 
nm [415]. The below room temperature maximum lasing temperature, high threshold current densities 
and lasing wavelength are currently unsuitable for practical applications. However, research into dilute 
N and B GaP is still very much in its infancy [416] and the growth free of threading dislocations ensured 
by the close lattice constant of Si and GaP-based materials may prove to be the solution to the longevity 
issues that limit other heteroepitaxial strategies. Indeed, by way of illustration, a two orders of 
magnitude reduction in the defect density of quantum dot lasers on Si has led to four orders of magnitude 
increase in the lifetime [386]. 
Nanostructures: Nanowires and Quantum Dots 
Many of the issues discussed above are related to the growth of high quality planar III-V materials. A 
further approach for III-V Si-photonics are nanostructures, such as nanowires, micro-disks and quantum 
dots. Nanowires (NWs) are one dimensional structures, with a high refractive index that provides low 
loss optical waveguiding and feedback [417]. Furthermore, due to the nanoscale interface of free 
standing nanowires, a strong lattice mismatch can be accommodated without a high density propagation 
of defects into the NW body [418], obviating the need for metamorphic buffer or template layers. The 
small footprint of nanowires is also extremely attractive for ultrahigh-density integration. Nanowires 
lasers operating in the UV are relatively mature and electrically injected lasing has been achieved with 
II-VI [419], [420] and III-N based semiconductors [421], [422]. However, due to Auger and non-
radiative surface recombination, lasing at longer wavelengths has proved more difficult [423] and to 
date no electrically pumped telecom wavelength NW lasers have been reported. Vertical III-V growth 
is also more challenging on CMOS substrates and most NW demonstrations use (111) oriented Si. A 
further challenge for vertical free-standing nanowires is the small index contrast between the wire facet 
and the Si substrate, especially at longer wavelengths. Nevertheless, several successful optically 
pumped NW-laser/Si- waveguide integration schemes have been developed [424]–[426]. Additionally, 
through successive improvements in material growth quality and the incorporation of radial and axial 
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heterostructures within the nanowire, not only are NW-laser performance metrics continually improving 
but the range of accessible wavelengths has expanded to the mid-IR [427]. 
Quantum dots (QDs) represent another scale of nanostructure providing 3D carrier confinement. 
Quantum dot lasers have demonstrated extremely high performance in the near-IR in terms of 
efficiency, threshold current densities and temperature stability. A key advantage of QDs for Si-
integration in particular is their tolerance to defects. In quantum wells, carriers can diffuse freely in the 
plane of the well and recombine non-radiatively with defects that have infiltrated the device layers. In 
contrast the in-plane carrier confinement of quantum dots restricts the migration of carriers, reducing 
interactions with defects. In addition, the discrete and independent nature of QDs means that defects 
may only intersect a limited number of dots, leaving the rest undamaged and able to provide optical 
gain [393]. Finally, local strain fields around quantum dots can also deflect dislocations and limit their 
propagation. 
An important progression reported in 2016 was the demonstration of a room temperature CW GaAs/Si 
QD laser on a 40 miscut Si substrate emitting around 1.3 µm [393]. The realisation of on-axis CW 
electrically pumped QD lasers were reported the following year from groups at UCSB [406] and UCL 
[428]. Currently on-axis CW GaAs QD lasers exhibit threshold current densities on the order of a few 
100 A/cm2, with QD densities around  3 × 106 cm-2 − 6 × 106 cm-2 and output powers of 10-100s 
mW/facet. The robustness of QD lasers to defects is evidenced by the long-extrapolated lifetimes, which 
measures the time taken for the threshold to double. Extrapolated lifetimes of ~107 h and ~103 h  have 
been achieved with QD lasers under CW operation at 350C [429] and 600C [430] respectively. This is 
in marked contrast to GaAs QW lasers on Si which report room temperature lifetimes of no more than 
200 h under CW operation [431]. In principle telecom applications require CW operation up to 850C 
with lifetimes on the order of 104 h [432]. Extended lifetimes should therefore be demonstrated at 
elevated temperatures. However, the remarkable progress in threading dislocation density reduction and 
subsequent improvements in lifetime demonstrate the potential for QD lasers provided growth strategies 
can remain compatible with a CMOS platform. 
Epitaxial Mid-IR Integration 
The burgeoning literature on III-V/Si integration is dominated almost entirely by near-infrared 
wavelengths, primarily for applications in data transfer. In contrast reports on epitaxially integrated 
mid-infrared semiconductor lasers are limited to only a few publications. In 2011, a continuous wave, 
room temperature GaSb diode laser operating around 2 µm, was demonstrated with a 1 µm-thick IMF 
GaSb buffer layer and 70 miscut Si substrate [398]. In 2018 the same group at the University of 
Montpellier published results on the first QCL epitaxially integrated onto Si. This was achieved using 
a Si surface preparation technique and a 60 miscut substrate [433]. The electrically injected InAs/AlSb 
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QCL operated up to 380 K, with emission around 11 µm. Finally, mid-infrared emission has been 
reported with optically pumped GeSn lasers. These are discussed further in Appendix J. 
Given the rapid progress of GaAs-based QDs on Si it is worth noting that quantum dots are emerging 
as an alternative for mid-infrared optoelectronics. Currently there are no mid-infrared III-V QD lasers 
on Si, and the optimised growth conditions will likely differ from their native substrates. However 
encouraging results include room temperature CW lasing around 2 µm [434] and 7.2 µm [435] using 
inter-band and inter-sublevel QD transitions respectively. Intense room temperature 
electroluminescence has also be observed at 3.8 µm in InSb QD LEDs [436] and between 10-11 µm 
from InAs quantum dot [437] and dash [438] cascade structures. 
6.1.2 Group-IV Optoelectronics 
As documented in the previous sections, there has been tremendous progress in the development of high 
performing laser on a CMOS compatible Si-platform. However, III-V materials are typically 
undesirable contaminants in the CMOS workflow. III-V elements act as dopants in Si, effecting 
components downstream in the fabrication process. To completely realise the potential of electronic 
and photonic integration, it is essentially to leverage the full manufacturing capabilities of CMOS. Thus, 
the ideal solution would be a photonic emitter manufactured with technology and materials already 
available in current CMOS fabs. As a result, there has been growing scientific interest in group-IV 
elements which are both chemically tolerant to Si and widely used in CMOS. This has been further 
spurred by recent demonstrations of gain and lasing in group-IV elemental and compound 
semiconductors. The lattice constant and band gap energies from a sub-set of group-IV elements are 
presented in Table 6.1. The increased lattice spacing (core size) from Si through to α-Sn is accompanied 
by a reduction in the direct band gap and the transformation from insulating through to semi-metallic 
behaviour. Group-IV compounds can therefore cover a vast spectral range as passive photonic 
components and potentially as emitters [439]. 
ELEMENT Si Ge α-Sn 
𝛼0 (Å) 5.431 5.658 6.493 
𝐸𝑔
Γ (𝑒𝑉) 4.185 0.800 -0.41 
𝐸𝑔
𝐿 (𝑒𝑉) 1.65 (𝐿), 1.12 (𝑋) 0.664 0.092
† 
Table 6.1: lattice constant [440], [441] and bandgap energy [168] at 300 K for various group-IV elements. 
†literature values range widely between 0.006 eV and 1.75 eV [442]. 
Ge has been widely researched for Si-electronics and crucially, for group-IV optoelectronics, exhibits 
far superior optical properties compared to Si. This is due to the pseudo-direct bandgap as the direct Γ-
valley lies only 136 meV above the conduction band minima at L. In order to achieve high internal 
efficiencies, there must be a sufficient electron population at the Γ-point. To improve the injection 
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efficiency of carriers into Γ, heavy n-type doping can be used to occupy L-states. However, a high 
electron population in the L valley acts to enhance loss processes such as Auger recombination and 
free-carrier absorption. Nevertheless, electrically pumped lasing has been reported in heavily n-doped 
unstrained Ge Fabry-Perot structures [443]. 
The pulsed threshold current density (500 kA/cm2) is however prohibitive for practical applications. 
For viability as a gain medium, the bandstructure should ideally exhibit a direct bandgap. In addition, a 
large energy separation between L and Γ is necessary to avoid parasitic injection into the indirect 
minima. In Ge the L-point has a four-fold degeneracy and a higher density of states, (𝑚𝐿
∗ = 0.217𝑚0, 
𝑚Γ
∗ = 0.038𝑚0). Thus, even when Γ and L are degenerate, more than 98% of the electron population 
resides at L (Figure 6.2). 
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Figure 6.2: calculated electron density at Γ in Ge as a fraction of the total injected carrier density (a) plotted as 
a function of Γ-L separation for different carrier densities at 300 K and (b) plotted as a function of temperature 
for different Γ-L separations with an injected carrier density of 1018 cm-3. 
Unlike Si, the pseudodirect nature of Ge means that the optical properties can be readily augmented 
through band structure engineering. One strategy to achieve this is through the application of tensile 
strain (Figure 6.3). Since the strength of the deformation potential at Γ is greater than at the indirect 
minima, tensile strain reduces the energy of the Γ-point more rapidly than at L [444]. Consequently, 
with sufficiently high levels of strain, Ge can be transformed into a fundamentally direct bandgap 
semiconductor. Inducing a fundamental direct band gap in Si would require impractical levels of biaxial 
strains (∼10–13%) [466]. Depending on the parameters used for the deformation potential theory (DPT) 
calculations the Γ-L separation reduces at a rate of around 74-87 meV/ε∥% of biaxial tensile strain in 
the 〈001〉 plane, with a corresponding indirect-direct crossover at ε∥ ≈ 1.6-1.9%. Tensile strain also 
breaks the symmetry of the crystal lifting the light hole above the heavy hole band. Thus, at the Γ-L 
crossover the direct band gap emission is pushed into the mid-infrared, with λ ≈ 2.5 μm. Uniaxial tensile 
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strain along 〈001〉 has a similar effect, but larger strain fields, in excess of 4.0%, are required to induce 
an indirect-direct crossover, [445]. It should also be noted that a strong non-linearity in the bandgap-
strain dependence has been observed in both theoretical [446] and experimental work [447], that is 
unaccounted for in the Ge-DPT calculations. The nonlinearity becomes appreciable when the biaxial 
strain exceeds around 1% (or uniaxial strain exceeds 2%) and tends to increase the direct-indirect 
crossover point. 
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Figure 6.3: (a) DPT calculations for the critical point energies and (b) bandgap of Ge under biaxial strain in the 
(001) plane. Parameters taken from [446]. Open marker denotes the indirect-direct bandgap crossover. 
Pseudomorphic planar growth of Ge on (001) Si is compressively strained (~4%). However, after high 
temperature growth, researchers found Ge/Si layers had a ~0.2% bi-axial tensile strain. This initially 
surprising result is a consequence of the coefficient of thermal expansivity mismatch [448] between Ge 
(8.51× 10−6 𝐾−1) and Si (4.21× 10−6 𝐾−1) [444]. Provided that the Ge layers are relaxed at high 
temperatures the higher CTE of Ge causes the epilayer to contract faster than the Si-substrate, inducing 
tensile strain. By varying the growth and annealing temperature the strain can be tuned between 
compressive strain and tensile strain up to ~0.25% [449]. 
 
Figure 6.4: illustration of the mechanism for tensile strain induced in germanium (Ge) on silicon (Si) after 
epitaxial growth. When the germanium epilayer is grown at high temperatures, the layer is fully relaxed through 
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the formation of defects. During cooling the larger CTE of Ge causes the epilayer to contract faster than the Si 
substrate. At room temperature the native epilayer lattice constant is less than the lattice spacing defined by the 
bonding sites formed during high temperature deposition, inducing tensile strained. 
While insufficient to achieve a direct band gap, this small augmentation in the Ge band structure was 
enough to achieve room temperature electrically pumped lasing in heavily doped Ge layers 
(4 × 1019cm-3) with 1 mW output power and a threshold current density of 280 kA/cm2 [450].7 
However, the threshold current density remains several orders of magnitude higher than current III-V 
devices and unsuitable for any integrated system. 
Several platforms for inducing higher levels of tensile strain have now been experimentally 
demonstrated. Biaxially tensile strained Ge structures include suspended membranes [451], nano-pillars 
[452] and undercut Ge and Ge/Si multiple-quantum well micro-disks [453]. In many cases strain is 
enhanced through the deposition of silicon-nitride (SiN) stressor layers, which has already seen wide 
use in CMOS to strain Si channels [454]. Ge micro-discs encased in SiN with 1.75% biaxial tensile 
strain have recently reported lasing with CW optical pumping up to 80 K and an emission peak around 
2 μm [455]. Alternatively, chemically compatible group-IV compounds such as GeSn can provide a 
tunable lattice constant for buffer layers [456]. 
Promising results have also been reported with nanowires which are more strain tolerant, exhibiting 
higher fracture strengths and lower defect densities than highly strained planar epilayers [457]. Uniaxial 
tensile strained nanowires have been fabricated using stressor layers [458], suspended nanowires [459] 
and nanobridges [460]. Lasing has also been demonstrated up to 83 K with 1.6% uniaxially strained 
suspended Ge nanowires under pulsed optical excitation [461]. Other approaches for high tolerance 
strain engineering include self-assembled Ge nanocomposites which have reported high biaxial tensile 
strains of up to 5.3% [462] and highly strained quantum dots [463]. It should be noted that a number of 
other strategies have been researched including mechanically stressed nanomembranes [464] and III-V 
virtual-substrates [465]. These approaches are valuable for fundamental material research but are not 
CMOS compatible.  
While lasing has been achieved in highly strained Ge, reports are limited to optical excitation at 
cryogenic temperatures. One challenge is effective heat dissipation which can be difficult in suspended 
microstructures. Furthermore, for device-grade performance it will be necessary to induce a large 
energetic separation between Γ and L; significantly beyond the indirect-direct crossover. For 
comparison GaAs has a Γ-L separation ≫ 𝑘𝐵𝑇 (around 290 meV). Improved performance can therefore 
be expected with further strain enhancement provided this can be achieved within the limits of strain 
                                                     
7 For a critical discussion on net optical gain with unstrained or weakly strained Ge layers, and the effect of doping 
the reader is invited to review [560]–[562]. 
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relaxation. Realising highly strained and durable Ge-based devices within a CMOS compatible process 
remains, however, a significant engineering challenge. 
The principle advantage that has enabled III-V compounds to dominate the field of optoelectronics is 
the intrinsic direct bandgap. Dedicated structures or complex fabrication schemes must be employed to 
induce the high levels of strain required for direct-band gap Ge. If group-IV photonics is to follow the 
same trajectory as III-V photonics and leverage the decades of advancement in heterostructure design, 
it is vital to engineer an intrinsic direct band gap group-IV semiconductor. 
6.1.3 Germanium-Tin 
Inspection of the band structure of group-IV elements led Goodman (1982) to propose the potential for 
direct band gap engineering in the GeSn alloy [467]. The band structures of Ge and the diamond phase 
of Sn (α-Sn) are presented in Figure 6.5. α-Sn has a face centred cubic structure and exhibits semi-
metallic properties, as the conduction and valence bands overlap over a limited range of k-space, with 
𝐸𝑔
Γ = −0.41 eV at 300 K. 
 
Figure 6.5: schematic band structure diagrams at 300 K for (a) pseudo-direct Ge and (b) semi-metallic α-Sn. 
Since the energetic disparity between Ge and α-Sn is greatest at Γ, incorporating Sn into the Ge lattice 
should reduce the direct Γ-point faster than the indirect minima at X or L. Thus, with sufficiently high 
Sn concentrations GeSn can be transformed into a fundamentally direct band gap material. However, 
there is substantial discrepancy in both the theoretical and experimental literature on the compositional 
dependence of the GeSn band structure (Table 6.2). 
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THEORETICAL MODELS 
CROSSOVER METHOD YEAR REF. 
22% 
Linear 
Interpolation 1983 [468] 
20% VCA 1993 [469] 
17% VCA 2007 [470] 
10% VBA 2008 [471] 
6.3% DFT+SQS 2008 [472] 
10.5% FP-LAPW 2010 [473] 
11% EPM 2012 [474] 
6.5% VCA-EPM+𝑃𝑙  2013 [475] 
4.5% DFT+PAW 2014 [476] 
 
EXPERIMENT 
CROSSOVER METHOD YEAR REF. 
10% Absorption 1997 [477] 
10-13% Transmittance 2004 [478] 
>6% VASE + PR 2006 [479] 
7.1% PL 2013 [480] 
7.3% PL 2014 [442] 
8.7% PL 2014 [481] 
~9% 
Temperature 
Dependent-PL 2015 [482] 
10% PL 2016 [483] 
6.7% (175K) PL 2016 [484] 
Table 6.2: (a) theoretical and (b) experimental values for the %Sn required to induce an indirect-direct crossover 
in relaxed GeSn at room temperature. VCA = Virtual Crystal Approximation, VBA = Valence Band Anti-crossing, 
DFT = Density Functional Theory, SQS = Special Quasi-random Structure, FP-LAPW = Full Potential 
Linearized Augmented Plane Wave method, EPM = Empirical Pseudopotential Method, 𝑷𝒍= local disorder 
correction, PAW = Projector Augmented Plane-Wave. 
The original prediction of an intrinsic direct band gap in GeSn assumed a linear interpolation between 
the constituent critical point energies, with an indirect-direct crossover at ~22%. This high critical 
concentration was supported by subsequent theoretical models under the virtual crystal approximation 
(VCA). However, early absorption spectroscopy measurements of 𝐸𝑔
Γ revealed a considerable non-
linear compositional dependence. This non-linearity can be described by, 
 𝐸𝑔
𝑎𝑙𝑙𝑜𝑦(𝑥) = (1 − 𝑥)𝐸𝑔
𝐴 + 𝑥𝐸𝑔
𝐵 + 𝑏0
𝑎𝑙𝑙𝑜𝑦𝑥(1 − 𝑥) (.1) 
where 𝐸𝑔 is the critical point bandgap, 𝑥 is the Sn fraction and 𝑏0 is the critical point bowing parameter 
(𝑏0 = 0 in the case of linear interpolation). 
As documented in Table 6.2b, substantial non-linearity in 𝐸𝑔
Γ has been observed by various experimental 
techniques. Reported bowing parameters vary between 1.94-2.8 eV (Appendix J) with indirect-direct 
crossover values ranging between ~6-10% Sn. To account for this discrepancy several groups have 
suggested, from both theory [473] and experiment [481], a compositional dependent bowing parameter. 
However, the exact dependence is difficult to access at present given the scarcity and scatter of data, 
especially at high Sn content. 
To account for the large bowing parameter observed in experiment, several theoretical models have 
been subsequently developed (Table 6.2a). Using a valence band anti-crossing model, the large bowing 
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was explained by the upward shift of the valence band [471]. In contrast, modelling using the augmented 
plane wave method correlated the bowing parameter to structural distortions arising from the large 
lattice mismatch between Ge and Sn [473]. The effects of alloy disorder have also been explicitly 
introduced through modification to the VCA [475] and in DFT calculations using random supercells 
[472], [476]. 
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Figure 6.6: (a) effect of alloying on the unstrained Γ and L bandgap energy at 300 K. The L-point bandgap was 
calculated using parameters from [442]. The Γ-point bandgap is shown with bowing parameters ranging from 
2.0-2.8 eV in 0.2 eV increments, with the corresponding indirect-direct crossover concentration ranging from 6-
10% Sn. The grey dashed and dotted lines are linear interpolations between Γ and L points of Ge and α-Sn (b0 = 
0). (b) the in-plane strain of GeSn pseudomorphically grown on Si (dash-dot line) or Ge (solid line) at 300 K. 
As illustrated in Figure 6.6a, introducing a non-linear deviation into the Γ-point energy has a significant 
effect on the compositional dependence of the GeSn band structure. Experiment and recent theory have 
converged to values for the indirect-direct crossover between 6-10% Sn, which is extremely 
encouraging for the prospect of GeSn as an active medium in optoelectronics. 
Fabricating high Sn content GeSn devices has been limited by the formidable technical challenges in 
synthesising GeSn with sufficient crystalline quality. The major issues related to growth are the low 
solid solubility of α-Sn in Ge (<1%) and the large lattice constant of α-Sn.[441], [485], [486] The lattice 
mismatch introduces compressive strain when GeSn is grown pseudomorphically onto silicon or 
germanium. The compositional dependence of the biaxial strain is presented in Figure 6.6b, calculated 
using 𝑏0
𝐺𝑒𝑆𝑛 = 0.041 Å [487]. For pseudomorphic growth on Ge, each %Sn introduces about 0.15% 
biaxial strain (for low %Sn concentrations). Compressive strain strongly effects the incorporation of Sn 
into the crystal lattice and also increases the Γ energy relative to L at a rate of ~80 meV/ε∥%. Higher Sn 
concentrations are therefore required to compensate. Additional difficulties associated with the low 
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surface energy of α-Sn in Ge results in the tendency for Sn to segregate to the surface.[488], [489] 
Consequently, GeSn is typically grown far from equilibrium under low temperature conditions. 
Strain can be relieved through the formation of dislocations during plastic relaxation, although under 
most conditions the crystal quality will be severely compromised. However, researchers at the Peter 
Grünberg Institute found that partially relaxed high quality GeSn epilayers could be grown on a Ge 
virtual substrate. This is due to the strain-relaxation mechanism where defects are largely confined to 
the Ge/GeSn interface through the formation of interfacial misfit arrays or protruded preferentially into 
the Ge buffer [490]. High quality GeSn layers has enabled the fabrication of various GeSn-based 
photonic devices with demonstrations of electroluminescence in GeSn DH and QW LEDs at room 
temperature [491] and optically pumped lasing [482]. The first GeSn laser, reported in 2015, had a 
threshold excitation density of 325 kW/cm2 at 20 K and a maximum lasing temperature of 90 K [482]. 
Subsequent years have seen rapid improvements in every metric. GeSn/SiGeSn MQWs lasers have 
achieved an order of magnitude reduction in the 20 K threshold excitation density [164] and DHS micro-
disk lasers have reported a maximum lasing temperature of 230 K [492]. However, there are currently 
no reports of electrically pumped lasing. A more comprehensive review of GeSn lasers is provided in 
Appendix J. 
As discussed in earlier chapters properties such as the optical gain, optical loss, radiative and non-
radiative lifetimes are determined fundamentally by the band structure. The viability of group-IV lasers 
for device-grade performance therefore depends on the band structure of GeSn and related group-IV 
alloys. This fundamental property is investigated in the next section. 
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6.2 Method 
In this work the optical properties of GeSn are investigated using GeSn pin photodiodes, fabricated by 
the Fisher Yu group at the University of Arkansas [493]. The DHS was grown on a Si substrate using 
low temperature CVD in a process compatible with the CMOS workflow. A 700 nm strain-relaxed p-
doped Ge buffer was deposited on the Si substrate, acting as a virtual substrate. This was followed by 
the deposition of a 200 nm unintentionally doped GeSn film and an n-doped Ge cap layer. The Sn 
content and residual strain in the partially relaxed GeSn layers were measured using XRD-reciprocal 
spacing mapping, as summarised in Table 6.3. 
SAMPLE 
Measured Sn 
(%) by XRD 
GeSn layer 
strain (in-plane) 
A 6.1% ±0.3% -0.5% ±0.1% 
B 6.4% ±0.3% -0.4%±0.1% 
C 9.2% ±0.3% -0.5%±0.1% 
Table 6.3: summary of the Sn content and in-plane compressive strain of the three samples, measured using XRD. 
In each case the high crystal quality of the GeSn was confirmed using cross sectional transmission 
electron microscopy. After growth the devices were formed into mesa structures (Figure 6.7). Further 
details of the fabrication process can be found in [494]. 
        
Figure 6.7: (a) schematic of the p-i-n diode epilayers. The GeSn film is deposited on a relaxed p-doped Ge buffer 
layer, followed by an n-doped Ge cap layer. (b) mounting of a GeSn chip onto the TO header for photovoltage 
measurements. 
The Sn concentrations between 6%-10% investigated in this work are of particular interest as they cover 
the range of values that the contemporary literature predict the indirect to direct crossover to occur. In 
order to probe the compositional dependence of the effective band edge in GeSn, we characterise the 
spectral absorption properties of the GeSn diodes under hydrostatic pressure using photovoltage 
measurements. For the purpose of this work, the effective band edge refers to the aggregate effect of 
the low energy conduction band states which determine the optical properties of GeSn. 
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A schematic of the experimental setup is presented in Figure 6.8. For the photovoltage measurements 
light from a broadband source was selected with a measured 10 nm linewidth using a Bentham TMc300 
Triple Grating Monochromator. The spectrometer stepped through wavelengths between 2-2.5 μm and 
used an internal mechanical rotary chopper to modulate the output. The GeSn mesa structures were 
mounted onto Transistor Outline (TO) headers using thermoconductive epoxy as an adhesive. Contact 
between the TO pins and the mesa n- and p- contacts was made using gold ball wire bonder. The device 
was loaded in parallel with a Stanford Research Systems SR830 lock-in amplifier to measure the 
modulated photovoltage. The principle of the photovoltage measurements is that the absorption of 
photons in the depletion region of the p-n junction (GeSn layer) generates carriers which are separated 
by the internal electric field and detected as photovoltage [495]. The absorption coefficient can then be 
extracted using the Beer–Lambert law [496], after correcting for the spectrometer output (Appendix E). 
 
Figure 6.8: schematic of the photovoltage measurements performed under high hydrostatic pressure. 
Due to nature of the GeSn alloy the absorption spectrum will be composed of a complex distribution of 
direct and indirect-like transitions across a wide range of energies. It is therefore essential to have a 
strong band edge feature in the resultant absorption spectrum which can be consistently measured under 
pressure. The absorption coefficient of a semiconductor is conventionally expressed through the power 
law relation, 
 𝛼 ∝ (ℎ𝜈 − 𝐸𝑔)
𝑚
 (6.2) 
where 𝛼 is the absorption coefficient, ℎ𝜈 is the photon energy, 𝐸𝑔 is the critical point energy and 𝑚 =
1/2 for direct transitions and 𝑚 = 2 for indirect transitions [497]. 
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Taking the square of the absorption spectrum (plotted as a function of photon energy) and extrapolating 
the falling slope to the energy axis gives good agreement with the peak of the electroluminescence 
spectrum measured at ambient pressure (Figure 6.9a).8 Due to the small aperture window in the high-
pressure cell it was not possible to obtain electroluminescence under pressure owing to the low signal-
to-noise ratio. However, this extrapolation procedure can be consistently applied to establish the 
pressure coefficient of the effective band edge. Similar procedures for band edge extraction have been 
used widely in the literature to determine the compositional dependence of the GeSn direct bandgap 
[495], [498], [499]. However, as discussed in a later section, our high-pressure measurements indicate 
that the nature of these states is more complex. 
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Figure 6.9: plot of the electroluminescence and the square of the absorption coefficient measured at atmospheric 
pressure for the Ge0.92Sn0.08 photodiode. Extrapolation of the linear region in the falling slope of α2 matches well 
with the peak of the electroluminescence spectrum. 
Figure 6.9b shows the spectral dependence of 𝛼2 derived for the three GeSn samples at atmospheric 
pressure. From these measurements we can see a clear shift in the absorption edge towards lower 
energies (longer wavelengths) with increasing Sn concentration. Figure 6.10a plots the extracted band 
edge as a function of %Sn concentration together with literature data for the Γ-point energy in as-grown 
GeSn epilayers. The samples studied in this work have not completely relaxed and exhibit some small 
residual strain (Table 6.3). Assuming that the band edge states we measure can be described by the 
deformation potentials at Γ, we can correct for the effects of strain energy using DPT calculations. For 
consistency with similar calculations in the literature we use parameters taken from [168]. As 
investigated in both theoretical and experimental work the bandgap energies exhibit a strongly nonlinear 
dependence with strain. However, the partially relaxed samples investigated here are within the linear 
                                                     
8 For a critical review of this procedure for quantitative band edge extraction the reader is invited to read [563]. 
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regime (≪ 1%) and so standard DPT calculations remain appropriate. The strain corrected band edge 
energies are plotted in Figure 6.10b with available data in the literature for relaxed/strain-corrected Γ-
point energies. The solid lines correspond to compositional dependence of the 𝐸𝑔
Γ with bowing 
parameters of 1.94 eV [151], 2.42 eV [175] and 2.8 eV [149] and enclose most of the experimental data 
points. Our measurements of the band edge (open squares) extracted from 𝛼2 are in fair agreement with 
literature values for 𝐸𝑔
Γ. The origin of the large scatter in the literature however is unclear. However, it 
should be recognised that experimental values are reported by various groups and there will inevitably 
be differences in sample preparation and growth, as well as in the methods used for determining the Sn 
content, residual strain and the critical point energies. Additionally, crystal disorder is expected to have 
a significant effect on the band structure [500]. 
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Figure 6.10: direct bandgap dependence of GeSn layers with %Sn concentration (a) measured bandgap with 
literature results [479], [481], [507]–[510], [490], [498], [501]–[506]. Note that some variation will be introduced 
by the different degrees of relaxation/residual strain in the epilayers. (b) strain corrected results for relaxed 
bandgap with literature data from [442], [478], [481], [506]. Solid lines correspond to bowing parameters of 1.94 
eV [479], 2.42 eV [502] and 2.8 eV [477]. Bandgap and compositional uncertainties for the current work are 
indicated by the marker. The L-point band gap was calculated using parameters from [442]. 
6.2.1 Hydrostatic Pressure Measurements 
As discussed in Section 3.3, the critical points (Γ, L and X) in the bandstructure of III-V and group-IV 
semiconductors have characteristic pressure coefficients. The effect of pressure on the critical points in 
Ge is illustrated in Figure 6.11. Referenced from the top of the valence band the pressure coefficients 
of the Γ and L conduction band minima have been calculated as 12.9 meV/kbar and 4.34 meV/kbar 
respectively in Ge [511], in good agreement with experimental values [312], [512], [513]. The pressure 
coefficients of α-Sn are comparable and have been calculated as 15.7 meV/kbar and 4.42 meV/kbar at 
the Γ and L critical points [511]. Consequently the pressure coefficients of the dilute GeSn samples 
analysed in this work are not expected to differ significantly from that of Ge [514]. The large difference 
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in the Γ and L pressure coefficients means that contributions from direct and indirect-like states can be 
readily identified. Hydrostatic pressure is therefore uniquely suited to investigate the material properties 
of nascent and complex material systems such as GeSn. 
 
Figure 6.11: schematic of the pressure dependence of the critical points energies in pristine Ge. 
The pressure coefficient of the band edge can be determined by extracting the absorption spectrum from 
photovoltage measurements and measuring the band edge energy shift under pressure. From the value 
of the pressure coefficient, the character of the band edge states can be inferred. For the high pressure 
measurements, the GeSn pin diode was loaded inside the CuBe pressure cell with modulated light from 
the Bentham spectrometer focused through a sapphire window onto the device. The pressure 
dependence of the absorption (𝛼2) edge is presented in Figure 6.12 for the three Sn content samples. 
For each sample increasing pressure shifts the absorption edge to higher energies. This is consistent 
with movement of the Γ or L critical points. We observe a strong linear region in the 𝛼2 data at each 
pressure from which a band edge energy can be readily extracted. 
The relative shift of the band edge as a function of pressure for the three GeSn photodiodes is presented 
in Figure 6.12. In each case a linear gradient can be fitted to the data which gives the pressure coefficient 
of the band edge. For comparison, the pressure dependence of the absorption edge in a commercial Ge 
photodiode is also presented. As can be seen from Figure 6.13a, the pressure coefficient of the Ge 
photodiode (4.3 meV/kbar) is in good agreement with the L conduction minima in pure Ge. The derived 
pressure coefficients of the GeSn photodiodes are 9.2±0.3 meV/kbar, 10.4±0.2 meV/kbar and 12.5±0.3 
meV/kbar for the 6.1%, 6.4% and 9.2% Sn samples respectively. Figure 6.13b plots the pressure 
coefficient as a function of Sn content. The sigmoid function is presented as a guide to the eye. 
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Figure 6.12: absorption spectra under pressure for the three different Sn content photodiodes, measured at room 
temperature. 
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Figure 6.13: (a) relative shift in the band edge (as determined from α2) as a function of pressure from atmospheric 
pressure for Ge and GeSn photodiodes. The gradient through atmospheric pressure gives the pressure coefficient. 
(b) pressure coefficient plotted as a function of Sn content. The sigmoid plot is a guide to the eye. 
6.3 Discussion 
There are a number of important features in these results. In conventional III-V binary and ternary alloys 
the pressure coefficient of the band edge is measured as either that of the Γ, L or X critical points, 
depending on their relative energies and the sensitivity of the experimental method [515]–[517]. In 
contrast, as illustrated in Figure 6.13b, the pressure coefficient measured for each sample is intermediate 
between that of Γ or L in pure Ge. Furthermore, there is a monotonic increase in the pressure coefficient 
of the band edge with increasing Sn content, which appears to asymptotically approach the Γ-point 
pressure coefficient with high Sn concentrations. The intermediate values of the measured pressure 
coefficients indicate that the low-lying conduction band states which participate in the optical 
transitions have a mixed Γ and L-like character which is absent in conventional III-V alloys. 
The intermediate pressure coefficients between Γ and L can be understood as a consequence of alloy 
induced band mixing effects. With strong band mixing effects, the conventional distinction between a 
direct and indirect band gap breaks down. Instead it is more appropriate to discuss the nature of the 
band gap in terms of the fractional Γ-character of the conduction band states at the band edge. The 
fractional Γ-character describes the extent to which a state can be constructed from the bulk Γ states of 
the host material, or alternatively the extent to which the state wavefunction can be expanded in terms 
of a Γ-like basis. 
Disorder induced band mixing effects can in general be neglected provided there is a relatively small 
difference in the properties (core size, electronegativity etc.) between the disordered elements. Taking 
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AlGaAs as an example, the group-III lattice site can be occupied by either Al or Ga. Due to the 
commensurate properties of the group-III elements (Al and Ga), the disordered crystal can then be 
modelled as periodic III-V binary, with the group-III atom approximated by a weighted average of the 
group-III (AlxGa1-x) elements [518]. However, if the difference between the disordered constituents is 
too extreme the assumption of periodicity breaks down and more sophisticated models must be 
considered. 
Although the effect of alloy disorder has been investigated in the literature they have been insensitive 
to band mixing through either insensitivity of the model (such as VCA), or the choice supercell. 
Theoretical modelling of the band mixing effects was undertaken by our collaborators at the Tyndall 
National Institute. The theoretical calculations used hybrid density functional theory (HSE-DFT) to 
model the pressure dependence of the electronic structure with randomly populated 64 atom supercells 
[519]. From these calculations the character of the CB states can be inferred from their pressure 
dependence. 
 
Figure 6.14: the theoretical pressure dependence of the lowest conduction band state for different %Sn 
concentrations. With 1.56% Sn the pressure coefficient is similar to the indirect L coefficient, while with 6.25% 
Sn the pressure coefficient has ~50% Γ-character. 
As illustrated in Figure 6.14 the pressure dependence of the lowest conduction band state in Ge63Sn1 
(1.56% Sn) is very close to that of the indirect L-conduction band minima in pure Ge, indicating 
predominately L-like character. In contrast for Ge60Sn4 (6.25% Sn) the pressure coefficient of the lowest 
conduction band state is 8.2 meV/kbar. Thus, with only a small Sn content we observe a mixed band 
edge character, consistent with our experimental results. 
The conventional view, as depicted in earlier in Figure 6.6, is that either side of a threshold Sn content, 
GeSn has an intrinsically indirect or direct band gap. This classification depends simply on the relative 
energies of the conduction band minima. In contrast, the experimental pressure measurements show 
clear evidence that the Sn induced band gap narrowing is accompanied by a continuous evolution in the 
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Γ-character of the conduction band states. The effect of band mixing on the electronic band structure of 
GeSn has been generally absent in the contemporary literature but has important implications for the 
viability of future electronic and photonic devices based on GeSn alloys. Mixing and random alloy 
fluctuations may lead to an intrinsic inhomogeneous broadening of band edges. However, the fractional 
Γ-character is directly proportional to the square of the momentum matrix element, |𝑃|2, which 
describes the coupling between the lowest conduction and highest valence band states [520]. Both the 
optical gain in a laser [521] and the tunnelling rate in tunnelling field effect transistors [522] at the band 
edge depend directly on |𝑃|2. Band mixing could therefore result in improved optical and electronic 
properties at lower Sn concentrations than would otherwise be expected. 
6.4 Conclusions 
In this chapter we investigated the compositional dependence of the band gap character of GeSn. In our 
experiments, three GeSn alloys were studied with Sn concentrations between 6%-10%. The 
experimental method used hydrostatic pressure to reversibly modify the electronic band structure of 
GeSn. The substantial difference in the conduction band pressure coefficients of Γ and L allow their 
contributions to the effective band edge to be determined under pressure. By measuring the effect of 
hydrostatic pressures on the absorption edge, we derived pressure coefficients of the effective band 
edge, as a function of Sn composition. 
In these results we observe a continuous evolution in the band gap character, with increasing Γ-like 
character as a function of Sn concentration. Considerable Γ-like character is observed at 6% Sn in the 
GeSn alloy, contrary to the general expectation that this alloy should have an indirect band gap. The 
dominant Γ-like character and its continuous compositional dependence are indicative of strong band 
mixing effects. 
To investigate the impact of band mixing on the electronic properties of GeSn further, the band structure 
was calculated by our collaborates at the Tyndall National Institute using hybrid functional DFT. These 
calculations further supported the experimentally observed band mixing effects and the continuous 
evolution in the Γ-character of the GeSn absorption edge. The effect of band mixing on the electronic 
band structure of GeSn has been generally absent in the contemporary literature but has important 
implications for the viability of future electronic and photonic devices based on GeSn and related alloys. 
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The work presented in this thesis aims to investigate the physical processes and material properties that 
influence the performance of mid-infrared photonic devices. This thesis considers two main areas of 
research; investigating the physical mechanisms that limit the performance of mid-infrared lasers during 
operation (Chapters 4 and 5) and research into the fundamental material properties of the GeSn alloy 
(Chapter 6). This final chapter reports on the key findings in each of these areas and provides guidance 
for future work. 
7.1 Recombination Dynamics in III-V Mid-IR Lasers 
Wavelengths between 2 μm – 3 μm have attracted interest for a diverse range of applications, including 
clinical diagnosis, environmental monitoring, security and communications. The highest performing 
semiconductor lasers in this wavelength range are type-I GaSb based lasers. However, the threshold 
current density exhibits an extremely strong wavelength and temperature dependence. In these 
structures the threshold current density plays a decisive role in the overall efficiency of the laser. To 
understand the dominant efficiency limiting mechanisms, four wavelength type-I lasers operating at 
2.16 μm, 2.35 μm, 2.65 μm and 2.90 μm, were investigated using temperature and hydrostatic pressure 
techniques (Chapter 4). 
The temperature dependence of the characteristic temperature, T0, in each device revealed a temperature 
induced transition towards greater temperature instability (Section 4.4). This behaviour can be 
understood as the onset of a strongly temperature sensitive process, which is otherwise suppressed at 
low temperatures. This interpretation is supported by spontaneous emission measurements on the 2.35 
μm laser (Section 4.5). The temperature and current density dependence of the spontaneous emission 
revealed transitional behaviour consistent with the temperature dependence of the threshold current 
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density. The results indicated further that at elevated temperatures and approaching room temperature, 
the threshold current density became increasingly dominated by a non-radiative recombination 
pathway, which carries a strong carrier density dependence. 
The final experimental technique applied to these devices was hydrostatic pressure, which is used to 
reversibly tune the emission energy of the laser (Section 4.6). The strong pressure dependence of the 
threshold current density demonstrated that carrier leakage does not dominate the room temperature 
threshold current density in these devices. This is despite the low valence band offset typical at these 
wavelengths. Rather, the pressure experiments indicate that Auger recombination is the dominant non-
radiative recombination pathway, responsible for both the temperature and wavelength dependence of 
the threshold current density reported in the literature. 
Using these results and others from the literature it was possible to construct the approximate 
wavelength dependence of the Auger coefficient revealing two key regimes. Due to the energetic 
proximity between the ground state transition energy and the spin-orbit split-off band, the CHSH Auger 
process dominates the Auger current at wavelengths < 2 μm. At wavelengths > 2 μm a second Auger 
mechanism such as CHCC or CHLH begins to dominate, and the Auger coefficient increases 
exponentially with wavelength.  
Chapter 5 investigates the nature of the Auger process operating in this long wavelength regime. Two 
classes of direct Auger mechanisms are critically examined, referred to here as activated and 
thresholdless. The wavelength dependence of the activated and thresholdless Auger coefficient can both 
reproduce the form of the wavelength dependence measured in Chapter 4. However, the substantial 
difference in the temperature dependence suggests an approach to discriminate between these two types 
of Auger transitions. 
The temperature dependence of the threshold current density serves as a proxy for the temperature 
dependence of the Auger current. Chapter 5 aims to establish the capacity for the activated or 
thresholdless Auger process to account for the behaviour reported here and elsewhere in the literature. 
The complexity of valence band dispersion in a compressively strained quantum well structure 
introduces uncertainty about the character of the valence band states that can participate in activated 
Auger transitions. To account for this, we considered separately the effects that a heavy or light mass 
valence band character has on the temperature dependence of the Auger current. 
In general, it is found that an activated Auger process is unable to completely account for the observed 
behaviour, indicating an enhanced temperature dependence in the threshold carrier density. However, 
simultaneously accounting for the high temperature stability of the radiative threshold component and 
the very low temperature stability of the total threshold current requires a temperature dependence of 
the Auger coefficient beyond that of a thresholdless process. 
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7.1.1 Future Work 
It is important to recognise that the terms activated and thresholdless refer to end points in a continuum 
of Auger transitions. Subsequent work should determine whether the dominant Auger transitions have 
predominately an activated or a thresholdless character. This distinction has practical implications in 
the temperature dependence of the Auger coefficient and the strategies that can be employed to suppress 
Auger recombination. Thresholdless-like character may be suppressed by modifying the band offsets 
or the abruptness of the confining potential, whilst activated-like character requires strategies to modify 
the in-plane dispersion and energies of the participating conduction and valence bands. 
As discussed in Chapters 2 and 5, the temperature dependence of the Auger current density is a 
consequence of various temperature sensitive parameters. By combining theory with empirical 
measurements for the temperature dependence of the gain parameter and optical loss, it should be 
possible to tease out the true temperature dependence of the Auger coefficient. This could also be 
measured directly through lifetime measurements such as pump-probe. 
In the presence of a temperature sensitive gain parameter or optical loss, the temperature dependence 
of the carrier density can also be modified by changing the threshold gain condition per quantum well. 
This can be achieved by increasing the number of quantum wells in the active region or simply by 
varying the facet reflectivity or cavity length. It would therefore be instructive to reproduce the 
temperature and pressure measurements with different cavity lengths, to assess the contribution from 
the threshold carrier density independently. 
An alternative method to determine the activated or thresholdless character of the dominant Auger 
mechanism is to inhibit transitions to the continuum of states above the quantum well. This can be 
achieved by employing a sufficiently deep valence and conduction band confinement. If the band offsets 
are greater than the conduction and valence band transition energies, then the Auger carrier must be 
excited within the plane of the quantum well and subject to conventional conservation laws. 
Engineering such large band offsets is a formidable challenge in type-I systems even at mid-infrared 
wavelengths but is possible by employing a type-II or ‘W’ alignment. The growth and fabrication of 
lasers with different band offsets introduces a host of confounding factors that may obscure any 
transitional behaviour in the Auger current density between deep and shallow quantum confinement. A 
more conclusive approach, proposed by Professor Alf Adams, could be to use hydrostatic pressure to 
tune the lasing energy; such that under ambient conditions the thresholdless process is suppressed but 
at high pressures, transitions to the continuum are permitted. To investigate both regimes in such an 
experiment would require that either the conduction or valence band offsets are about 50 meV greater 
than the transition energy. If as has been suggested, the thresholdless process is orders of magnitude 
higher than the activated process then a dramatic deterioration in the threshold current should be 
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observed. Indeed, the effect should be even more pronounced due to the resonant effect at the edge of 
the continuum. 
The wavelength dependence of the Auger coefficient presented in this thesis is consistent with the 
literature data for the highest performing type-I GaSb lasers operating between 2 μm – 4 μm. This 
provides an opportunity to determine effective quantitative values for the Auger coefficient over this 
entire wavelength range. As shown in Chapter 4, it is possible to estimate the non-radiative threshold 
component from the temperature dependence of the threshold current density and the spontaneous 
emission intensity at threshold. Theoretical calculations for the threshold carrier density in conjunction 
with the experimentally determined non-radiative threshold current density can then be used to extract 
the Auger coefficient from each device, and through the pressure measurements, its wavelength 
dependence. Such theoretical modelling is already underway by our collaborators at the US Naval 
Research Laboratory (NRL).  
However, to calculate the threshold carrier density it is critical to determine the optical loss to a high 
degree of accuracy. Any uncertainty in this parameter will be enhanced by the high carrier dependence 
of Auger recombination. The spontaneous emission measurements presented in Section 4.5 reveal non-
pinning in these devices and this precludes the use of inverse-cavity length measurements which are 
widely applied in the literature. Instead it is necessary to use alternative methods such as segmented 
contact measurements, and preliminary work on this is reported in Appendix I. 
Another significant implication of the pressure measurements is the importance of the spin-orbit split-
off energy band for GaSb lasers operating at wavelengths < 2 μm. It would be interesting to probe the 
region around and either side of the 𝐸𝑔 = ∆𝑆𝑂 resonance using hydrostatic pressure and/or 
compositionally different device structures. This would require active regions with a smaller difference 
between the band gap and split-off energies than those studied here. As the bandgap approaches 
resonance with the spin-orbit split-off band, the participating carriers lie closer to the band edge. 
Consequently, the carriers will increasingly be within the vicinity of, or below the quasi-fermi levels, 
enabling Auger transitions even at very low temperature. Under resonant conditions, activated CHSH 
Auger transitions are effectively thresholdless (Section 2.7.3). The threshold current density may prove 
prohibitively high, but if threshold current measurements are possible then the temperature dependence 
of such a system would prove instructive. Measuring the radiative efficiencies of LEDs could also 
provide an alternative strategy to investigate the spin-orbit resonance. 
From a practical consideration in the regime where 𝐸𝑔 < ∆𝑆𝑂, the CHSH process can be suppressed by 
increasing the spin-orbit split-off energy. This suggests that incorporating even a small amount of 
bismuth into the active region could yield significant improvements in the threshold current density and 
temperature stability of GaSb lasers operating < 2 μm.  
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7.2 Group IV Optoelectronics 
There is intense research activity to realise application-grade CMOS compatible optoelectronics. The 
CMOS infrastructure that has developed to support the silicon-based microelectronics industry offers 
unparalleled fabrication complexity, high-volume manufacture and yield. CMOS compatible 
technology is especially attractive for applications such as lab-on-chip trace gas detection and optical 
interconnects. Group-IV elements such as germanium (Ge) are already widely used within the CMOS 
work flow. Ge is an indirect band gap semiconductor; however, the direct band edge lies only 136 meV 
above the conduction band minima at L. The pseudo-direct band gap of Ge means that the optical 
properties can be readily augmented through band structure engineering. 
One approach is alloying Ge with other group-IV elements such as tin (Sn). Since the energetic disparity 
between Ge and α-Sn is greatest at Γ, incorporating Sn into the Ge lattice is expected to reduce the 
direct Γ-point at a faster rate that the indirect minima at X or L. Thus, with sufficiently high Sn 
concentrations GeSn can be transformed into a direct band gap material. However, there are substantial 
discrepancies in both the theoretical and experimental literature on the compositional dependence of 
the GeSn electronic band structure. 
Hydrostatic pressure can be used to reversibly modify the band structure and is ideally suited to the 
investigation of the band structure properties of GeSn. Chapter 6 reports on the pressure dependence of 
the absorption edge of GeSn alloys with Sn contents of 6.1%, 6.4% and 9.2%. In pure Ge the pressure 
coefficient of the indirect L-point and the direct Γ-point are 4.3 meV/kbar and 12.9 meV/kbar 
respectively. The significant difference between these two pressure coefficients means that 
contributions from L- and Γ- like states to the absorption edge can be determined under pressure. 
For each GeSn sample pressure coefficients of 9.2%, 10.4% and 12.5% were measured for the three 
GeSn samples respectively, in each case the pressure coefficient is intermediate between that of the Γ 
or L-points. This contrasts with conventional III-V alloys where the pressure coefficient of the band 
edge is measured as that of the Γ, L or X-critical points. The intermediate pressure coefficient can be 
understood to be a consequence of alloy induced band mixing effects. 
The effect of band mixing was investigated theoretically by our collaborators at the Tyndall National 
Institute using hybrid density functional theory. With strong band mixing effects, the conventional 
distinction between the direct and indirect band gap breaks down. Instead it is more appropriate to 
discuss the nature of the band gap in terms of the fractional Γ-character. 
The effect of band mixing on the electronic band structure of GeSn has been generally absent in the 
contemporary literature but has a profound effect on the compositional dependence of the electronic 
and optical properties of GeSn. The hydrostatic pressure measurements presented in Chapter 6 indicate 
a continuous evolution in the Γ-character of the absorption edge with increasing Sn concentration. 
7. CONCLUSIONS AND FUTURE WORK 
138 
Considerable Γ-like character is observed at 6% Sn in the GeSn alloy, contrary to the general 
expectation that this alloy should have an indirect band gap. 
7.2.1 Future Work 
The experimental results described in Chapter 6 shows clear evidence that the Γ-character of the GeSn 
absorption edge evolves with increasing Sn concentration. From an experimental and theoretical 
perspective, it would be instructive to populate Figure 6.13b with data from a greater range of Sn-
content samples. It would be especially interesting to probe the low Sn content regime as band mixing 
effects emerge from the pure Ge-like band structure and to confirm the saturation of the Γ-character 
with high Sn concentrations.  
The theoretical calculations described in Chapter 6, reveal an additional complexity to the analysis. 
Band mixing effects, and therefore the absorption edge pressure coefficient, is sensitive to the degree 
of short-range disorder, even in samples with identical Sn content. Variations in the degree of atomic 
ordering may be expected in experimental samples, especially those fabricated under different growth 
conditions. It would therefore be interesting to investigate the variation in the pressure coefficient of 
GeSn samples with nominally the same composition but synthesised with different growth processes, 
for example the difference between MBE and CVD growth. 
Having demonstrated the capacity for hydrostatic pressure to access band mixing effects it would be 
interesting to apply this technique to other materials systems where similar behaviour may be observed. 
Given the recent success of GeSn/SiGeSn heterostructure lasers, increasing effort is being dedicated to 
synthesising other group-IV compounds such as GePb. The disparity in the atomic properties of Ge and 
Pb means that band mixing effects should be even more pronounced in this alloy, making it a promising 
candidate for fundamental research into the effect of band mixing on the electron band structure. 
The recent advances in growth quality and device design has enabled optically pumped lasing 
approaching room temperature. As demonstrated in this thesis, high hydrostatic pressure is an important 
tool to investigate the recombination dynamics in semiconductor optoelectronic devices. The lasing 
characteristics of an optically pumped GeSn laser in response to hydrostatic pressure could provide 
valuable insight into efficiency limiting mechanisms that inhibit performance and would be especially 
interesting in a system subject to strong band mixing effects. 
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A.   Applications for Optical Interconnects 
The increase in processing power over the last 60 years has been largely driven by the reduction in 
transistor size. Smaller transistors provide two benefits.  
1) The size reduction increases the density of transistors that can be fabricated on a chip; 
effectively reducing the cost per transistor and increasing the computational power per chip.  
2) Miniaturisation has also decreased the intrinsic gate delay, enabling faster processing speeds 
and reduced power consumption.  
However, computation also requires communication between logic components. Electrical 
interconnects are still the primary data links between data centre racks, down to the scale of the circuit 
board and chips. These interconnects are increasingly presenting performance, economic and 
environmental challenges.  
The inherent advantages of optical interconnects have seen them replace electrical interconnects at 
scales greater than about 10 meters. If optical interconnects can be implemented at smaller length scales 
then they could provide significant benefits. These include improvements in bandwidth density, signal 
integrity and timing and energy efficiency. 
Bandwidth 
In an electrical interconnect a simple on-off signal is generated by driving the line with a voltage step. 
The rise time (𝜏𝑟𝑖𝑠𝑒) of the signal is limited by the line impedance. For on-chip interconnects the 
resistance impedance dominates, and the rise time is given by the 𝑅𝐶 time constant, 
 𝜏𝑟𝑖𝑠𝑒 ≅ 𝑅𝐶 = 𝑅𝐿𝐶𝐿𝐿
2 (A.1) 
where 𝐿 is the length of the interconnect and 𝑅𝐿, 𝐶𝐿 is the resistance and capacitance per unit length. 
The resistance per unit length is inversely proportional to the cross-sectional area of the interconnect. 
In contrast, the capacitance per unit length does not vary with scaling. This scale independence holds 
regardless of the specific line geometry (coaxial, microstrip, etc.) and is prescribed by the optimal 
density of interconnects within the available volume [523], [524]. 
The bit rate, 𝐵 ∝ 1/𝜏𝑟𝑖𝑠𝑒, is therefore determined by the aspect ratio of the line,  
 
𝐵 ≤ 𝐵0
𝐴
𝐿2
 (A.2) 
where A is the cross-sectional area, L is the length of the interconnect and 𝐵0 is a constant [524].  
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It can also be shown that the rise time for inductive limited interconnects (which includes most off-chip 
lines) takes the same form as equation A.2. The increased density of logic components on and off-chip 
requires a scale reduction in the interconnect architecture.  Since the bit rate of equation A.2 is 
dimensionless, once all the available space is filled, the performance of interconnects cannot be 
improved through scaling. Instead the bit rate will generally deteriorate as parasitic effects such as 
surface scattering and cross-talk become important. The scaling implications of equation A.2 is even 
more severe for global interconnects. These must traverse the perimeter of the chip, enforcing a constant 
length even as the cross-sectional area of the line is reduced. The development of new materials and 
interconnect architectures such as low-κ dielectrics and repeater amplifiers could, to an extent, mitigate 
these scaling issues. However, such interventions will come at the expense of increased system 
complexity and involve trade-offs in performance metrics such as energy dissipation or latency. 
In optical interconnects, information is communicated through the modulation of light, and as such does 
not suffer from the RC or LC impedance constraints of electrical interconnects. Consequently, optical 
interconnects can exceed the bandwidth of simple electrical lines by several orders of magnitude (for a 
given length and cross-sectional area) [525]. An additional advantage is that to the first order, photons 
of different frequencies do not interact with each other. The bandwidth capacity of an optical channel 
can therefore be expanded through wavelength-division multiplexing techniques, where different 
wavelength signals share an optical waveguide. Space-division multiplexing offers a further approach 
which utilises the different spatial modes of the channel. 
Signal Integrity and Clock Timing 
Due to loss related distortion and dispersion, a signal pulse propagating along an electrical interconnect 
gradually broadens as the sharp rising and falling edges of the pulse soften. Additionally, the delay on 
electrical interconnects is proportional to the line resistance and so depends sensitively on temperature. 
This introduces uncertainty in the timings along electrical clock and signal lines which is essential to 
ensure coordination between synchronous regions. These timing issues can be mitigated with additional 
clock recovery circuitry, at the expense of complexity and cost. In contrast, over the length scales of a 
few 10s of meters, optical communications have essentially no modulation-frequency or distance 
dependent loss or distortion. 
Optical interconnects can therefore preserve signal integrity even with high modulations speeds and 
short pulses. Short optical pulses can also reduce timing uncertainty and so electrical systems can be 
clocked optically with very little skew and jitter. Since the refractive index of optical fibres or 
waveguides is also considerably more stable to temperature variations, the arrival times along optical 
lines are more reliable9. Additionally, optical interconnects do not generate or detect radio-frequency 
                                                     
9 To illustrate, over a 1000C temperature range the change in the delay time for optical interconnects is about 
0.07% of the propagation delay, compared to ~40% in electrical copper or aluminium interconnects [525]. 
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signals or interference and so can be deployed in areas with high electromagnetic interference. The 
detection of photons, rather than measuring voltage, relives the condition for a common ground. This 
then permits voltage isolation of the transmitter and detector components which are then immune to 
variations in the ground voltage. 
Energy Efficiency 
The demand for technology and bandwidth accounts for an ever-growing proportion of the world’s 
energy budget. It has been estimated that ICT equipment and services collectively consumed 4.6% of 
the world’s electricity production in 2012. This value increases further to ~9% if common domestic 
devices such as televisions and mobile phones are included [526]. Interconnect power dissipation is 
significant, accounting for up to 50% of the dynamic power dissipation in microprocessors [527], [528]. 
Power dissipation also increases the temperature of the chip through resistive heating. Elevated 
temperatures impact the lifetime and reliability of the chip, requiring external cooling to maintain 
operational. 
In telecommunications, there are clear economic implications of power dissipation. Server computation 
accounts for 40% of the energy consumption in data centres while a further 40% is used for refrigeration 
[529]. As chips have become more powerful and sophisticated, the lifetime cost of running a server is 
now comparable to the cost of hardware [530]. The environmental impact of data processing is also 
significant. Data centres have the fastest growing carbon footprint in the ICT sector, and currently 
generates around 2% of global anthropogenic CO2 emission [531]. Optical interconnects can offer 
significant energy savings as the energy required to run the optical components is potentially 
considerably less than the energy needed to charge the equivalent electrical. 
For the simplest electrical interconnects, the energy per bit is determined by the signal voltage and the 
line capacitance. The relative benefit of an optical interconnect will therefore depend on the line length 
it replaces. This crossover length, above which optical interconnects are energetically favourable, has 
been variously predicted to occur at scales from 50 μm to 10s cm, depending on the modelling 
assumptions used. A further advantage is that the electrical interconnects often employ additional 
circuitry to improve the interconnect bandwidth and overcome issues related to latency and signal 
timings. Since many of the issues are not present with optical signals, there is the potential for additional 
energy reduction if the complexity of the interconnect architecture can be reduced. 
As transistor performance improves, future generations of processors will be limited by the 
interconnects between them. The sustainable development of information technology depends crucially 
on whether future interconnect technology can satisfy demands for both performance and energy 
efficiency [532]. Competition between electrical and optical interconnects at different hierarchical 
communication levels will depend on technological advancements. As discussed in Chapter 6, one 
approach for achieving optical interconnects on Si is to use the group IV alloy GeSn. 
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B.   Gain and Carrier Density 
With the approximation of single subband occupation and parabolic and isotropic bands the peak gain 
may be related to the carrier density through the procedure of Vahala et al. [533] in the following way. 
The gain between the lowest energy subbands can be expressed as, 
𝑔(𝐸) = 𝐾 ∙ (𝑓𝑐 − 𝑓𝑣) 
Where the Fermi functions are given by, 
𝑓𝑖 =
1
exp (
𝐸𝑖 − 𝐸𝐹𝑖
𝑘𝐵𝑇
) + 1
,    𝑖 = 𝑐, 𝑣 
The conduction and valence band energies may be expressed as, 
𝐸𝑐 =
ℏ2𝑘2
2𝑚𝑐
+ 𝐸𝑐0 
𝐸𝑣 = −
ℏ2𝑘2
2𝑚𝑣
− 𝐸𝑣0 − 𝐸𝑔 
Where 𝐸𝑐0 and 𝐸𝑣0 are the conduction and valence band confinement energies. The optical transition 
energy is then given by, 
𝐸𝑐𝑣 = 𝐸𝑐 − 𝐸𝑣 
=
ℏ2𝑘2
2𝑚𝑟
+ 𝐸𝑡𝑟 
Where 𝐸0 = 𝐸𝑐0 + 𝐸𝑣0 + 𝐸𝑔 is the transition energy between the edge of the ground state conduction 
and valence subbands. Substituting into the conduction band energy equation, 
𝐸𝑐 =
𝑚𝑟
𝑚𝑐
(𝐸𝑐𝑣 − 𝐸0) + 𝐸𝑐0 
And thus, 
𝐸𝑐 − 𝐸𝐹𝑐
𝑘𝑇
=
𝑚𝑟
𝑘𝑇𝑚𝑐
(𝐸𝑐𝑣 − 𝐸0) +
𝐸𝑐0 − 𝐸𝐹𝑐
𝑘𝑇
 
We can similarly obtain an expression for the valence band, 
𝐸𝑣 = −
𝑚𝑟
𝑚𝑣
(𝐸𝑐𝑣 − 𝐸0) − 𝐸𝑣0 − 𝐸𝑔 
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𝐸𝑣 − 𝐸𝐹𝑣
𝑘𝑇
= −
𝑚𝑟
𝑘𝑇𝑚𝑣
(𝐸𝑐𝑣 − 𝐸0) −
𝐸𝑣0 + 𝐸𝑔 + 𝐸𝐹𝑣
𝑘𝑇
 
The Fermi functions can then be expressed as, 
𝑓𝑐 = [1 + exp (
𝑚𝑟
𝑘𝑇𝑚𝑐
(𝐸𝑐𝑣 − 𝐸0) +
𝐸𝑐0 − 𝐸𝐹𝑐
𝑘𝑇
)]
−1
 
𝑓𝑣 = [1 + exp (−
𝑚𝑟
𝑘𝑇𝑚𝑣
(𝐸𝑐𝑣 − 𝐸0) −
𝐸𝑣0 + 𝐸𝑔 + 𝐸𝐹𝑣
𝑘𝑇
)]
−1
 
Evaluating the Fermi functions at the gain peak, 𝐸𝑐𝑣 = 𝐸0, 
𝑓𝑐 = [1 + exp (
𝐸𝑐0 − 𝐸𝐹𝑐
𝑘𝑇
)]
−1
 
𝑓𝑣 = [1 + exp (−
𝐸𝑣0 + 𝐸𝑔 + 𝐸𝐹𝑣
𝑘𝑇
)]
−1
 
In a quantum well, the carrier density is given by, 
𝑛 = 𝜌𝑐𝑘𝐵𝑇 ln(1 + 𝑒
[𝐸𝐹𝑐−𝐸𝑐0]
𝑘𝑇 ) 
𝑝 = 𝜌𝑣𝑘𝐵𝑇 ln (1 + 𝑒
[−(𝐸𝑣0+𝐸𝑔)−𝐸𝐹𝑣]/𝑘𝑇) 
Combining these with the expression for the Fermi functions, 
𝑓𝑐 = 1 − exp (−
𝑛
𝜌𝑐𝑘𝐵𝑇
) 
𝑓𝑣 = exp (−
𝑝
𝜌𝑣𝑘𝐵𝑇
) 
Assuming charge neutrality, 𝑛 = 𝑝, then the gain can be expressed as, 
𝑔 = 𝐾 (1 − exp (−
𝑛
𝜌𝑐𝑘𝐵𝑇
) − exp (−
𝑛
𝜌𝑣𝑘𝐵𝑇
)) 
This function may be approximated by a logarithmic function of the form 𝑔 = 𝑔0 ln(𝑛/𝑛𝑡𝑟 ), (Figure 
B.1), originally proposed by McIlroy [180], where 𝑛𝑡𝑟 is the transparency carrier density given by 𝑔 =
0. 
Under this approximation the gain parameter 𝑔0 can be defined by the value of the gain when 𝑛 = 𝑒𝑁𝑡𝑟 
[182]. 
𝑔0 = 𝐾 [1 − exp (−
𝑒𝑛𝑡𝑟
𝜌𝑐𝑘𝐵𝑇
) − exp (−
𝑒𝑛𝑡𝑟
𝜌𝑣𝑘𝐵𝑇
)] 
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Figure B.1: plot of the normalised peak gain as a function of carrier density for the analytical (black) and McIlroy 
(red) functions. 
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C.   Phase Space Filling Effects on Radiative Recombination 
Following the work by Bourdon et al [193]. in this Appendix we derive an analytical equation for the 
radiative recombination rate using Fermi-Dirac statistics. Assuming radiative transitions between 
parabolic conduction and valence bands states, the transition rate between two subbands per unit volume 
can be written as, 
𝑅𝑠𝑝 = ∫
2𝜋
ℏ
(
𝑒
2𝑚0
)
2
|𝒜0|
2|𝑀𝑇|
2𝜌𝑟𝑒𝑑 × 𝑓(𝐸2)[1 − 𝑓(𝐸1)]
∞
𝐸0
𝑑𝐸 
Where |𝑀𝑇|
2 is the transition matrix element and 𝒜0 is the vector potential amplitude and is related to 
the electric field through, |ℇ|2 = 𝜔2|𝒜|2. 
|𝒜0|
2 =
2ℏ
𝑛𝑟
2𝜀0𝜔
𝑁𝑝 
Where 𝑁𝑝 is the density of modes and 𝑛𝑟 is the refractive index. The density of modes per unit volume 
per unit energy in a cavity is given by, 
𝑁𝑝(ℎ𝜈) =
8𝜋
ℎ𝑐3
𝑛𝑟
3𝜈2 
In general, the above equation is a good approximation when the mode volume is very large compared 
to the wavelength of the band gap radiation, or more specifically if 𝑉𝑐𝑎𝑣 ≫ 𝜆
3 such as in the case of an 
in-plane laser [176], [199]. 
|𝒜0|
2 =
8𝑛𝑟ℏ
𝜀0𝑐3
1
ℎ2
ℎ𝜈 
Substituting into the rate equation, 
𝑅𝑠𝑝 = ∫
4𝑛𝑟
𝜀0𝑐3𝜋ℏ2
(
𝑒
2𝑚0
)
2
ℎ𝜈|𝑀𝑇|
2𝜌𝑟 × 𝑓(𝐸𝑐)[1 − 𝑓(𝐸𝑣)]
∞
𝐸0
𝑑𝐸 
Subsisting in the reduced density of states, 
𝜌𝑟𝑒𝑑 =
𝜇∗
𝜋ℏ2𝐿𝑧
 
The total spontaneous emission rate can be expressed as, 
𝑅𝑠𝑝 = (
𝑒
𝑚0
)
2 1
𝜀0
𝜇∗
𝐿𝑧
𝑛𝑟
𝜋2𝑐3ℏ4
|𝑀𝑇|
2∫ 𝐸 ∙ 𝑓(𝐸𝑐)[1 − 𝑓(𝐸𝑣)]
∞
𝐸0
𝑑𝐸 
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Assuming that the variation of the Fermi distributions as a function of energy E is much faster than that 
of the density of photon modes, 
𝑅𝑠𝑝 = 𝐵0∫ 𝑓𝑐(𝐸𝑐)[1 − 𝑓𝑣(𝐸𝑣)]
∞
𝐸0
𝑑𝐸 
Where, 
𝐵0 = (
𝑒
𝑚0
)
2 1
𝜀0
𝜇∗
𝐿𝑧
𝑛𝑟
𝜋2𝑐3ℏ4
|𝑃𝑐,𝑣|
2
𝐸0 
As discussed in Section 2.6, for quantum well systems we can derive an analytical expression from the 
electron and hole carrier densities, assuming single sub-band occupation, 
𝑛 = 𝑘𝑇𝜌𝑐 ln(1 + 𝑒
[𝐸𝐹𝑐−𝐸𝑐0]/𝑘𝑇) ,    𝑝 = 𝑘𝑇𝜌𝑣 ln(1 + 𝑒
[𝐸𝑣0−𝐸𝐹𝑣]/𝑘𝑇) 
Rearranging we find, 
𝑒
𝐸𝐹𝑐−𝐸𝑐0
𝑘𝑇 = 𝑒
𝑛
𝑘𝑇𝜌𝑐 − 1,     𝑒
𝐸𝑣0−𝐸𝐹𝑣
𝑘𝑇 = 𝑒
𝑝
𝑘𝑇𝜌𝑣 − 1 
From this relationship we can reexpress the fermi functions in the integral as, 
𝑓𝑐 =
1
1 + 𝑒(𝐸𝑐−𝐸𝐹𝑐)/𝑘𝑇
=
1
1 +
𝑒(𝐸𝑐−𝐸𝑐0)/𝑘𝑇
𝑒
𝑛
𝑘𝑇𝜌𝑐 − 1
 
1 − 𝑓𝑣 =
1
1 + 𝑒(𝐸𝐹𝑣−𝐸𝑣)/𝑘𝑇
=
1
1 +
𝑒(𝐸𝑣0−𝐸𝑣)/𝑘𝑇
𝑒
𝑝
𝑘𝑇𝜌𝑣 − 1
 
Thus, the radiative probability becomes, 
𝑊 = 𝐵0∫
1
1 +
𝑒(𝐸𝑐−𝐸𝑐0)/𝑘𝑇
𝑒
𝑛
𝑘𝑇𝜌𝑐 − 1
∞
𝐸0
1
1 +
𝑒(𝐸𝑣0−𝐸𝑣)/𝑘𝑇
𝑒
𝑝
𝑘𝑇𝜌𝑣 − 1
𝑑𝐸 
Assuming parabolic bands the relative energy state from the band edge can be expressed as, 
𝐸𝑐 − 𝐸𝑐0 = ∆𝐸𝑐 ∝
𝑘2
𝑚𝑐
 
𝐸𝑣0 − 𝐸𝑣 = ∆𝐸𝑣 ∝
𝑘2
𝑚ℎ
 
∆𝐸𝑣 = ∆𝐸𝑐𝜇,   𝜇 = 𝑚𝑐/𝑚ℎ 
Assuming charge neutrality, 𝑛 = 𝑝, the integral can then be expressed as, 
APPENDIX C 
148 
𝑊 = 𝐵0∫
1
1 +
𝑒∆𝐸𝑐/𝑘𝑇
𝑒
𝑛
𝑘𝑇𝜌𝑐 − 1
∞
𝐸0
1
1 +
𝑒𝜇∆𝐸𝑐/𝑘𝑇
𝑒
𝜇
𝑛
𝑘𝑇𝜌𝑐 − 1
𝑑𝐸 
The photon energy is given by the difference between the energy of the conduction and valence band 
state, 
𝐸 = 𝐸𝑐 − 𝐸𝑣 
This in turn can be expressed in terms of the ground state energies 𝐸0, and the relative energy within 
the band, ∆𝐸, such that, 
𝐸 = ∆𝐸𝑐 + 𝐸𝑐0 − (𝐸𝑣0 − ∆𝐸𝑣) 
𝐸 = ∆𝐸𝑐 + ∆𝐸𝑣 + 𝐸𝑐0 − 𝐸𝑣0 
𝐸 = ∆𝐸𝑐(1 + 𝜇) + 𝐸0 
𝑑𝐸
𝑑∆𝐸𝑐
= (1 + 𝜇) 
The integral can then be re-expressed in terms of the relative conduction band energy, 
𝑊 = (1 + 𝜇)𝐵0∫
1
1 +
𝑒∆𝐸𝑐/𝑘𝑇
𝑒
𝑛
𝑘𝑇𝜌𝑐 − 1
∞
0
1
1 +
𝑒𝜇∆𝐸𝑐/𝑘𝑇
𝑒
𝜇
𝑛
𝑘𝑇𝜌𝑐 − 1
𝑑∆𝐸𝑐 
This can be solved analytically for the case where 𝜇 = 1. 
𝑊 = 2𝐵0∫
(
 
 1
1 +
𝑒∆𝐸𝑐 𝑘𝑇⁄
𝑒
𝑛
𝑘𝑇𝜌𝑐 − 1)
 
 
2
∞
0
𝑑∆𝐸𝑐 
Defining, 
𝛼 = (𝑒𝑛 𝑘𝑇𝜌𝑐⁄ − 1)
−1
 
𝑥 = 𝑒∆𝐸𝑐/𝑘𝑇 
𝑑𝑥
𝑑∆𝐸𝑐
=
1
𝑘𝑇
𝑥 
𝑘𝑇𝑑𝑥
𝑥
= 𝑑∆𝐸𝑐 
The integral then becomes, 
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∫
(
 
 1
1 +
𝑒∆𝐸𝑐 𝑘𝑇⁄
𝑒
𝑛
𝑘𝑇𝜌𝑐 − 1)
 
 
2
∞
0
𝑑∆𝐸𝑐 = 𝑘𝑇∫ [
1
1 + 𝛼𝑥
]
2∞
1
𝑑𝑥
𝑥
 
= 𝑘𝑇∫ [
1
1 + 𝛼𝑥
]
2∞
1
𝑑𝑥
𝑥
= 𝑘𝑇 [ln (
1
𝛼
+ 1) −
1
𝛼 + 1
] 
And the radiative rate becomes, 
𝑊 = 2𝐵0𝑘𝑇 [
𝑛
𝑘𝑇𝜌𝑐
−
1/𝛼
1 + 1/𝛼
] 
𝑊 = 2𝐵0𝑘𝑇 [
𝑛
𝑘𝑇𝜌𝑐
−
𝑒𝑛 𝑘𝑇𝜌𝑐⁄ − 1
1 + 𝑒𝑛 𝑘𝑇𝜌𝑐⁄ − 1
] 
𝑊 = 2𝐵0𝑘𝑇 [
𝑛
𝑘𝑇𝜌𝑐
− (1 − 𝑒−𝑛 𝑘𝑇𝜌𝑐⁄ )]  
At low densities, taking Taylor expansion of brackets, 
𝑊 = 2𝐵0𝑘𝑇 [
1
2
(
𝑛
𝑘𝑇𝜌𝑐
)
2
] 
𝑊 = [
𝐵0
𝑘𝑇𝜌𝑐
2] 𝑛
2 
Recovers the 𝑛2 dependence of the Maxwell Boltzmann approximation. 
At high densities, 
𝑊 = [
2𝐵0
𝜌𝑐
] 𝑛 
Spontaneous emission becomes monomolecular. 
To understand the change in the carrier dependence of spontaneous emission we can write, 
𝑊 = 2𝐵0𝑘𝑇 [
𝑛
𝑘𝑇𝜌𝑐
− (1 − 𝑒−𝑛 𝑘𝑇𝜌𝑐⁄ )] ∝ 𝑛𝑍 
𝑍 =
𝑑 ln𝑊
𝑑 ln 𝑛
=
𝑛
𝑊
𝑑𝑊
𝑑𝑛
=
𝑛
2𝐵0𝑘𝑇 [
𝑛
𝑘𝑇𝜌𝑐
− 1 + 𝑒
−
𝑛
𝑘𝑇𝜌𝑐]
∙ 2
𝐵0
𝜌𝑐
[1 − 𝑒
−
𝑛
𝑘𝑇𝜌𝑐] 
𝑍 =
𝑛
𝑘𝑇𝜌𝑐
∙
[1 − 𝑒
−
𝑛
𝑘𝑇𝜌𝑐]
[
𝑛
𝑘𝑇𝜌𝑐
− 1 + 𝑒
−
𝑛
𝑘𝑇𝜌𝑐]
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This is equation illustrated below for the case of 𝜇 = 1. Other values of μ are from exact numerical 
calculations. We can see that at transparency, increasing mass of the hole tends to restore a Boltzmann-
like dependence. 
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Figure C.1: numerical calculations for the exponent (Z-value) of radiative recombination as a function of the 
conduction band quasi-Fermi level relative to the band edge. 
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D.   Activated Auger Recombination 
In the activated Auger process energy and momentum must simultaneously be conserved within the 
plane of the quantum well. The possible configuration of carriers which meet these conditions can be 
derived analytically assuming parabolic bands. Here we derive the conditions for CHCC recombination 
but the procedure can be extended to the CHSH and CHLH processes. 
Conservation of momentum requires that: 
𝑘1 + 𝑘2 = 𝑘3 + 𝑘4 
Defining, 𝑘1 = 𝑎𝑘3 and 𝑘2 = 𝑏𝑘3: 
𝑘4 = (𝑎 + 𝑏 − 1)𝑘3 
For the CHCC process, conservation of energy requires that: 
∆𝐸1 + ∆𝐸2 = ∆𝐸4 − (∆𝐸3 + 𝐸𝑔) 
∆𝐸4 = ∆𝐸1 + ∆𝐸2 + ∆𝐸3 + 𝐸𝑔 
Defining, 𝜇 = 𝑚𝑐/𝑚ℎ we can write: 
𝑘4
2 = 𝑘1
2 + 𝑘2
2 + 𝜇𝑘3
2 + 𝑘𝑔
2 
𝑘4
2 = (𝑎2 + 𝑏2 + 𝜇)𝑘3
2 + 𝑘𝑔
2 
Where 𝑘𝑔 is defined through the expression 𝐸𝑔 = ℏ
2𝑘𝑔
2/2𝑚𝑐. 
Substituting for 𝑘3: 
𝑘4
2 =
(𝑎2 + 𝑏2 + 𝜇)
(𝑎 + 𝑏 − 1)2
𝑘4
2 + 𝑘𝑔
2 
Rearranging for 𝑘4
2 we find that: 
∆𝐸4 =
(𝑎 + 𝑏 − 1)2
2𝑎𝑏 + 1 − 2𝑎 − 2𝑏 − 𝜇
𝐸𝑔 
∆𝐸3 =
𝜇(∆𝐸4 − 𝐸𝑔)
𝑎2 + 𝑏2 + 𝜇
 
∆𝐸1 =
𝑎2
𝜇
∆𝐸3,   ∆𝐸2 =
𝑏2
𝜇
∆𝐸3 
We can determine the minimum energy of the excited carrier that satisfies conservation laws by taking 
the derivative of ∆𝐸4 with respect to 𝑎 and 𝑏. This procedure yields the following two equations, 
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𝜇 = 𝑎𝑏 − 𝑎 − 𝑏2, 𝜇 = 𝑎𝑏 − 𝑏 − 𝑎2 
Finding the common roots, 
𝑎 = 𝑏 = −𝜇 
Thus, the initial and final carrier states, with the lowest initial energy configuration can be expressed, 
∆𝐸4 =
2𝜇 + 1
𝜇 + 1
𝐸𝑔 
∆𝐸3 = (
𝜇
2𝜇2 + 3𝜇 + 1
)𝐸𝑔 
∆𝐸1 = ∆𝐸2 = 𝜇∆𝐸3 
Since in general 𝜇 < 1, then ∆𝐸1 = ∆𝐸2 < ∆𝐸3. 
Figure D.1 illustrates the energy of carriers for the lowest energy configuration as a function of band 
gap for different values of μ. The black line depicts the case where 𝜇(𝐸𝑔 = 0.474 𝑒𝑉) = 0.15 and it is 
assumed the valence band mass is independent of the band gap, such that 𝜇 ∝ 𝐸𝑔. This corresponds 
very approximately to the properties of bulk GaInAsSb in the 2-3 μm range. For the coloured lines (𝜇 <
0.15) it is assumed that the effective mass of the conduction band and valence band mass will scale 
with band gap. 𝜇 is therefore constant with band gap, in accordance with 𝑘 ∙ 𝑝 theory for a strained 
layer.  
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Figure D.1: the energy of (a) electrons and (b) holes relative to their respective band edge for different values of 
𝝁, as a function of band gap (note the different axis limits). For the case where 𝝁 = 𝟎. 𝟏𝟓, the valence band mass 
is assumed to be independent of the band gap, otherwise valence band mass is assumed to take the form, 𝒎𝒉 ∝
𝑬𝒈. 
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As can be seen for both electrons and holes, reducing the effective mass asymmetry between the 
conduction and valence band (increasing μ) requires that carriers are located further from the band edge 
in order to conserve momentum. This leads to an increase in the hot carrier and activation energy, and 
a corresponding reduction in the Auger coefficient. 
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Figure D.2: the energy of (a) electrons and (b) holes relative to their respective band edge for different values of 
𝝁, as a function of band gap. For the case where 𝝁 = 𝟎. 𝟏𝟓, the valence band mass is assumed to be independent 
of the band gap, otherwise valence band mass is assumed to take the form, 𝒎𝒉 ∝ 𝑬𝒈. 
Throughout this thesis we use the concept of the activation energy to evaluate the temperature and 
pressure dependence of the Auger coefficient. This approach is justified (within the Boltzmann 
framework) provided that the probability of Auger recombination proceeding via lowest energy 
configuration is far greater than any other configuration. This would mean that the probability factor in 
the Auger integral is sharply peaked at the minimum value of ∆𝐸4. To illustrate this, we can solve for 
the probability factor, 𝑃 (equation 2.20) as a function of 𝑘1 and 𝑘2. Subject to conservations laws 𝑘3 
can be expressed as, 
𝑘3 =
2𝑘1𝑘2 − 𝑘𝑔
2
2(𝑘1 + 𝑘2)
           for 𝜇 = 1 
𝑘3 = ±
√𝑘1
2 + 2𝑘1𝑘2𝜇 + 𝑘2
2 − 𝜇𝑘𝑔
2 + 𝑘𝑔
2 + 𝑘1 + 𝑘2
1 − 𝜇
           for 𝜇 ≠ 1 
Figure D.3 plots 𝑃 as a function of 𝑘1 and 𝑘2 for the CHCC process where 𝜇 = 0.5. The peaks are 
located at, 
𝑘1
𝑝 = 𝑘2
𝑝 = ±
𝜇𝑘𝑔
√2𝜇2 + 3𝜇 + 1
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Which corresponds to the familiar transition energy of the hot carrier state and by extension to the 
activation energy, 
∆𝐸4 − 𝐸𝑔 = 𝐸𝑎(𝐶𝐻𝐶𝐶) =
𝑚𝑐
𝑚𝑐 +𝑚ℎ
𝐸𝑔 
 
 
Figure D.3: the probability factor 𝒇𝟏𝒇𝟐𝒇𝟑(𝟏 − 𝒇𝟒) calculated at 300 K with the fermi level separation, 𝑬𝒄 −
𝑭𝒄 = −𝟑𝒌𝑻, 𝑬𝒈 = 𝟎. 𝟓 eV and 𝝁 = 𝟎. 𝟓. The peaks in the probability function correspond to the lowest energy 
configuration of carriers which may be represented by the activation energy 𝑬𝒂. 
 
Non-Parabolicity 
The effect of non-parabolicity on the Auger activation energy has been investigated in the theoretical 
work of several groups [534]–[540]. Following the work of Taylor et al. to illustrate the influence of 
non-parabolicity we can define the carrier energies as, 
∆𝐸1 = 𝛼𝑘1
2,     ∆𝐸2 = 𝛼𝑘2
2,       ∆𝐸3 = 𝜇𝛼𝑘3
2,         ∆𝐸4 = 𝛼𝑘4
2 + 𝑅(𝑘4) 
where, 𝛼 = ℏ2/2𝑚𝑐, the reduced mass, 𝜇 = 𝑚𝑐/𝑚𝑣 and 𝑅(𝑘4) is a function which describes the non-
parabolicity of the conduction band profile, which is appreciable for the excited carrier [534]. 
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Using the procedure outlined earlier, we can derive an expression for the energy of the excited carrier 
from energy and momentum conservation, 
𝛼𝑘1
2 + 𝛼𝑘2
2 = 𝛼𝑘4
2 + 𝑅(𝑘4) − (𝜇𝛼𝑘3
2 + 𝐸𝑔) 
𝑘4 = (𝑎 + 𝑏 − 1)𝑘3 
Rearranging, 
2𝑎𝑏 + 1 − 2𝑎 − 2𝑏 − 𝜇
(𝑎 + 𝑏 − 1)2
𝛼𝑘4
2 + 𝑅(𝑘4) = 𝐸𝑔 
The wave vector 𝑘4 is minimised with respect to 𝑎 and 𝑏 when, 𝑎 = 𝑏 = −𝜇, reducing the previous 
expression to, 
𝜑𝛼𝑘4
2 + 𝑅(𝑘4) = 𝐸𝑔 
where 𝜑 = (𝜇 + 1)/(2𝜇 + 1). 
If non-parabolicity is neglected, 𝑅(𝑘4) = 0, and we recover the equation derived earlier under the 
parabolic approximation. 
Using non-local pseudopotential calculations Taylor et al calculated the conduction band dispersion of 
GaSb (Figure D.4a) [541]. By removing the parabolic component, 𝛼𝑘4
2, from the calculated dispersion 
and solving the above equation (Figure D.4b), the energy and wave vector of the excited carrier were 
calculated as 𝑘4 ≈ 0.157 2𝜋/𝑎 and ∆𝐸4 ≈ 0.89 eV [542]. This compares to ∆𝐸4 ≈ 0.80 eV, under the 
parabolic approximation [542]. 
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Figure D.4: (a) the conduction band dispersion for GaSb and (b) graphical solution for CHCC Auger 
recombination, taken from [541]. 
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E.   Experimental Details 
This appendix compiles relevant data for the equipment used in this work. 
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Figure E.1: transmission data for an uncoated calcium fluoride lens. 
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Figure E.2: detectivity for a liquid-nitrogen cooled InSb detector. 
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Figure E.3: transmission characteristics for the chalcogenide fibre used for collection of the long wavelength 
mid-infrared spontaneous emission. 
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Figure E.4: output spectrum for the Bentham spectrometer used in Chapter 6. 
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Light-Current measurements were analysed in MATLAB (Figure E.5) using the intersection method 
between the pre- and post-threshold regions of the LI curve. 
 
Figure E.5: MATLAB program used to analysis laser LI data. 
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F.   Additional Experimental Data 
The evolution of in the current dependence of the Z-value as a function of temperature is shown in 
Figure F.1. The low temperature measurements, where the Z-value saturates, are fitted with a tanh 
function as a guide to the eye. The high temperature measurements are fitted with a logarithmic 
function. 
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Figure F.1: Z-value dependence as a function of injection current and temperature, derived from the spontaneous 
emission measurements discussed in Section 4.5. 
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Figure F.2: emission energy temperature dependence for the 2.35 μm laser. 
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Figure F.3: emission energy pressure dependence for the 1.95 μm Stony Brook laser. 
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G.   Radiative Pressure Model 
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Figure G.1: numerical calculations (assuming charge neutrality) using Fermi-Dirac statistics for the bandgap 
dependence of the radiative current with (a) a small fermi level splitting, -3kT below the energy gap and (b) at 
transparency. The calculations assumed a bandgap dependent electron mass, 𝒎𝒄 = 0.038𝒎𝟎 at 𝑬𝒈 = 0.5 eV, 
and constant valence band mass of 𝒎𝒗 = 0.252𝒎𝟎. Across this wavelength range a constant spin-orbit splitting 
energy of 0.77 eV was used. The bandgap dependence of the electron momentum matrix element was taken from 
[193]. 
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H.   T0 Literature Review 
It is important to view the temperature dependent results and analysis presented in this chapter within 
the wider literature. The characteristic temperature of the threshold current density is an important 
performance metric for semiconductor laser diodes and is often reported in the literature. Generally, the 
temperature of threshold is measured over a limited range around room temperature. The break point 
temperature and low temperature T0 dependence are therefore typically outside of the reported 
measurements. Nevertheless, we can gain insight into the reproducibility of the T0 temperature 
dependence across the literature. The temperature dependence of the 2.16 μm laser measured in this 
work is provided for comparison. 
Figure H.1 shows the temperature dependence of T0 for the first reported GaInAsSb/AlGaAsSb 
quantum well laser. It operates around 2.1 μm and utilises 5 unstrained quantum wells. 
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Figure H.1: (a) the temperature dependence of threshold from GaInAsSb/AlGaInAsSb QW laser, Choi (1992) 
[266] and (b) the extracted temperature dependence of T0 (coloured circles). 
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For the devices shown in Figure H.2, direct measurements of carrier leakage indicate that carrier leakage 
cannot account for the temperature dependence of the threshold current density. 
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Figure H.2: (a) the temperature dependence of threshold from GaInAsSb/AlGaInAsSb QW laser, Garbuzov 
(1999) [318] and (b) the extracted temperature dependence of T0 (coloured circles). Carrier leakage shown to 
comprise a very small component of the total threshold current density. 
A strong temperature dependence in T0 is observed even for novel systems such as InAs triangular 
quantum wells on InP, operating at around 2.2 μm. 
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Figure H.3: (a) the temperature dependence of threshold from rectangular and triangular InAs quantum well 
lasers, Gu (2014) [328] and (b) the extracted temperature dependence of T0 (coloured circles). 
 
 
 
APPENDIX H 
164 
It is also interesting to the consider the effect of device parameters such as the number of QWs and 
cavity length have on Jth and T0. Increasing the number of quantum wells was found to increase the 
threshold current density but also increase the characteristic temperature. The difference between the 
temperature dependence of the transparency and threshold current density is due to the threshold gain 
condition. With multiple quantum wells, each well operates closer to transparency and so should be less 
sensitive parameters such as temperature dependence of the differential gain and non-idealities such as 
multiple sub-band occupation. Additionally, due to the reduced carrier density per well carrier leakage, 
if present, should be reduced. 
It is interesting to note that when the number of quantum wells is varied between one and three quantum 
wells there is a shift in the T0 towards higher values, even as the threshold current density increases, but 
in each case the same rapid decrease in the T0 with temperature is observed. 
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Figure H.4: (a) the temperature dependence of threshold from GaInAsSb/AlGaInAsSb QW laser, Rattunde (2007) 
[245] and (b) the extracted temperature dependence of T0 (coloured circles). 
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As the cavity length is increased the threshold current density and T0 values both improve. 
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Figure H.5: (a) the temperature dependence of threshold from GaInAsSb/AlGaInAsSb QW laser, Rattunde (2007) 
[245] and (b) the extracted temperature dependence of T0 (coloured circles). 
It is also instructive to consider temperature dependent measurements at other wavelengths. The two 
plots below show the characteristic for lasers operating at around 1 μm. 
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Figure H.6: the extracted temperature dependence of T0 for lasing operating at around 1 μm (a) Lock (2005) 
[543] and (b) Dutta (1991) [544]. 
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Figure H.7 shows the T0 temperature dependence for near-infrared quantum well lasers. 
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Figure H.7: the temperature dependence of T0 for lasing operating in the near-infrared, Sweeney (2004) [545]. 
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I.   Segmented Contact Measurements 
The pressure induced band gap dependence of the threshold current density (Figure 5.15a) was 
generated by normalising the non-radiative threshold current density to optimise overlap between each 
device. This was necessary due to the large variation in threshold current densities at ambient pressures. 
However, the Auger coefficient, 𝐶, can be calculated pseudo-empirically with knowledge of the Auger 
current density at threshold and the threshold carrier density. As discussed in previous sections the 
threshold Auger current density can, with some assumption, be extracted experimentally. The threshold 
carrier density depends sensitively on the optical loss and this sensitivity is amplified in Auger current 
density due its dependence 𝑛𝑡ℎ
3 . A common method for measuring the internal optical loss, 𝛼𝑖 is plotting 
the external differential efficiency as a function of inverse cavity length. This analysis assumes that the 
fermi-levels pin throughout the device structure at threshold. However, we observe non-pinning of the 
spontaneous emission above threshold even with broad area devices (Figure 4.7). This violates the 
assumption of the inverse cavity length method and prohibits its use. To measure the optical loss, we 
therefore use the segmented contact method. 
The stripe contact is divided into segments by etching through the metal contact layer and the upper p-
capping layer, with a gap of about 4 μm between 300 μm long segments. The trench depth should ensure 
that the inter-segment resistance is large relative to the impedance of a forward biased segment Each 
segment can be driven independently, and a large length of the device is left unpumped to supress any 
round-trip amplification. By fabricating sections into a single stripe the light collection efficiency 
remains fixed as the length is varied. The trenches were etched using a Xeon FIB, with a beam current 
of 14.280 nA, spot size of 50 nm and milling time of 1.25 minutes per trench10. 
 
Figure I.1: illustration of a segmented laser cavity. The sections are 300 μm long, separated by 4 μm wide 
trenches etched using a focused ion beam. The trenches extend through the gold contact and heavily doped cap-
layer to the upper p-cladding layer. The resistance of each segment should be such that current spreading enables 
uniform pumping of the active region within each segment. 
                                                     
10 FIB settings: 05-10nA preset and beam energy of 30.0 keV 
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Figure I.2: (a) scanning electron microscope and (b) atomic force microscope image of a trench etched into the 
p-side contact of a ridge waveguide laser using a Xeon FIB. The trenches extend through the gold contact and 
heavily doped cap-layer to the upper p-cladding layer. 
By pumping only the second contact segment, the amplified spontaneous emission is passively absorbed 
along the length of the front segment. The externally measured emission intensity is then, 
 𝐼2(𝜆) ∝ (1 − 𝑅)𝐼0(𝜆) exp(−[𝐴 + 𝛼𝑖]𝐿) (I.1) 
Where 𝑅 is the facet reflectivity, 𝐼0 is the amplified spontaneous emission intensity entering the front 
segment, 𝐴 and 𝛼𝑖 are the modal absorptions for the unpumped and pump regions of the gain medium 
respectively and 𝐿 is the segment length. 
The term (1 − 𝑅)𝐼0(𝜆) is equivalent to the amplified emission intensity measured by pumping the front 
segment, 𝐼1(𝜆). The modal loss can then be extracted from, 
 
(𝐴 + 𝛼𝑖) =
1
𝐿
ln [
𝐼1(𝜆)
𝐼2(𝜆)
] (I.2) 
Figure I.3, shows the segmented measurements for the 2.16 μm laser, showing an internal loss of 
approximately 10 cm-1. This value is several times that of the typical loss values measured using the 
inverse cavity length method. 
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Figure I.3: internal loss measurements of the 2.16 μm laser. 
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J.   GeSn Literature Review 
Non-linearity in the compositional dependence the GeSn band gap can be described by, 
 𝐸𝑔
𝑎𝑙𝑙𝑜𝑦(𝑥) = 𝑥𝐸𝑔
𝐴 + (1 − 𝑥)𝐸𝑔
𝐵 + 𝑏0
𝑎𝑙𝑙𝑜𝑦𝑥(1 − 𝑥) (J.1) 
Where 𝐸𝑔 is the critical point bandgap, 𝑥 is the Sn fraction and 𝑏0 is the critical point bowing parameter 
(𝑏0 = 0 in the case of linear interpolation). 
Reported bowing parameters vary between 1.94-2.8 eV (Table J.1) with indirect-direct crossover values 
ranging between ~6-10% Sn. Several groups have also suggested (from both theory [473] and 
experiment [481]) a compositional dependent bowing parameter, although the exact dependence is 
difficult to access at present given the scarcity and scatter of data, especially at high Sn content. 
BOWING PARAMETER 
b0 METHOD YEAR REF. 
1.94 VASE 2006 [479] 
2.2 VASE 2002 [546] 
2.3±0.1 Transmittance 2007 [547] 
2.8 Absorption 1997 [477] 
2.42±0.04 PR 2012 [502] 
2.46±0.06 PL 2014 [442] 
2.1 PL 2011 [480] 
2.92±0.11 Absorption 2016 [548] 
Table J.1: Summary of the room temperature bowing parameters reported in the literature for GeSn. VASE = 
Variable Angle Spectral Ellipsometry, PR = Photo-Reflectance, PL = Photo-Luminescence. 
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GeSn Lasers 
The first GeSn laser, reported in 2015, was an edge emitting Fabry-Perot cavity laser comprising a 560 
nm Ge0.874Sn0.126 layer grown on a strained relaxed Ge buffer and on-axis Si substrate [482]. The 
maximum lasing temperature was 90 K, with a threshold excitation density and lasing wavelength of 
325 kW/cm2 and 2.3 µm respectively at 20 K. Subsequent years have seen rapid improvements in every 
metric with lasing reported with bulk DHS, graded and MQW active regions integrated within a diverse 
range of device structures, including Fabry-Perot [494], [549]–[551], micro-disk [492], [552]–[554] and 
photonic crystal membrane lasers [555]. Currently the highest lasing temperature published in the 
literature is 230 K with DHS micro-disk lasers [492]. Over successive generations the threshold 
excitation density has also been dramatically reduced. As an indication of the progress than has been 
made, optically pumped lasing using GeSn/SiGeSn MQWs report a threshold excitation density of 35 
kW/cm2 at 20 K [164], amounting to an order of magnitude reduction in less than three years. The 
highest Sn content lasers use compositional graded layer up to 22.3% Sn, grown using CVD. However, 
since crystal quality tends to degrade with increasing Sn concentration [556] most GeSn devices 
reported at present typically have around 15% Sn or less. 
GESN LASER PROPERTIES AVAILABLE IN THE LITERATURE 
STRUCTURE 
MAX 
TEMP. 
THRESHOLD 
(kW/cm2) 
%SN λ µm YEAR GROUP REF. 
FP 90 K 325 (20 K) 12.6 % 2.3 µm (20 K) 2015 PGI [482] 
FP 110 K 
68 (10 K), 
166 (90 K) 
10.9% 2.50 µm (90 K) 2016 UoAr [557] 
MD 130 K 130 (20 K) 12.5% 2.48 µm 2016 PGI [552] 
MD 180 K 377 (25 K) 16% 3.1 µm 2017 UGA [553] 
FP 180 K 138 (77 K) 14.4% 2.63 µm 2018 UoAr [549] 
MD† 120 K 300 (20 K) 14.5% 2.65 µm (20 K) 
2018 PGI 
[164], 
[554] MD-MQW† 120 K 35 (20 K) 13.3% 2.45 µm (20 K) 
PC 60 K 227 (15 K) 16% 2.88 µm (60 K) 2018 UGA [555] 
FP-MQW 90 K 
25 (10 K), 
62 (77 K) 
14.4% 2.52 µm (77 K) 2018 UoAr [550] 
Graded-FP 180 K 137 (77 K) 22.3% 2.98 µm (180 K) 2018 UoAr [551] 
MD 230 K 134 (15 K) 16% 
2.8 µm (15 K) 
3.2 µm (230 K) 
2018 UGA [492] 
FP-MQW 270 K    2019 UoAr [558] 
Table J.2: Summary of GeSn lasers reported in the literature. †The maximum lasing temperature and lowest 
threshold densities were obtained with 1550 nm and 1064 nm pump sources respectively. FP = Fabry Perot 
Cavity, MD = Micro-Disk Cavity, MQW = Multiple Quantum Wells, PC = Photonics Crystal. PGI = Peter 
Grünberg Institute, UoAr = University of Arkansas, UGA = Université Grenoble Alpes. 
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